M. Ramek, M. Marković, I. Mutapčić, J. Pejić, A.-M. Kelterer, J. Sabolović, *ChemistryOpen* **2019**, *8*, 852.

1. Introduction {#open201900159-sec-0001}
===============

Copper is an essential trace element, and a structural and catalytic cofactor in the active sites of many metalloproteins (e. g., superoxide dismutase, tyrosinase, cytochrome c oxidase, ascorbate oxidase).[1](#open201900159-bib-0001){ref-type="ref"}, [2](#open201900159-bib-0002){ref-type="ref"} The importance of maintaining copper physiological concentrations in healthy organisms became evident in the diseases of genetic origin, traced to malfunctioned copper transport and uptake, and caused copper deficiency or overload in the deadly Menkes disease and Wilson disease, respectively.[2](#open201900159-bib-0002){ref-type="ref"}, [3](#open201900159-bib-0003){ref-type="ref"}, [4](#open201900159-bib-0004){ref-type="ref"} In many biological fluids copper is present in low molecular weight (LMW) complexes with peptides and amino acids, which take part in copper trafficking in the organism.[1](#open201900159-bib-0001){ref-type="ref"}, [5](#open201900159-bib-0005){ref-type="ref"}, [6](#open201900159-bib-0006){ref-type="ref"}, [7](#open201900159-bib-0007){ref-type="ref"}, [8](#open201900159-bib-0008){ref-type="ref"} Specifically, LMW copper(II) complexes chelated with two amino acids \[Cu(aa)~2~\] have been isolated from normal human blood serum and reported to be part of an exchangeable serum pool for copper.[6](#open201900159-bib-0006){ref-type="ref"}, [7](#open201900159-bib-0007){ref-type="ref"} It was shown that a majority of these physiological Cu(aa)~2~ compounds were Cu^II^ complexes with [l]{.smallcaps}‐histidine ([l]{.smallcaps}‐His) in the form of electrically neutral bis([l]{.smallcaps}‐histidinato)copper(II) \[Cu([l]{.smallcaps}‐His)~2~\], and ternary complexes favorably with [l]{.smallcaps}‐asparagine ([l]{.smallcaps}‐Asn), [l]{.smallcaps}‐threonine ([l]{.smallcaps}‐Thr), and [l]{.smallcaps}‐glutamine ([l]{.smallcaps}‐Gln).[1](#open201900159-bib-0001){ref-type="ref"}, [6](#open201900159-bib-0006){ref-type="ref"}, [7](#open201900159-bib-0007){ref-type="ref"}, [8](#open201900159-bib-0008){ref-type="ref"} These amino acids have three functional groups as potential binding sites for metal ions: the α‐amino and carboxylate groups, and a side‐chain group specific for each amino acid -- imidazole in [l]{.smallcaps}‐His, hydroxyl −OH in [l]{.smallcaps}‐Thr, and amido −CONH~2~ in [l]{.smallcaps}‐Asn and [l]{.smallcaps}‐Gln. Therapies based on the copper(II)‐[l]{.smallcaps}‐His supplementation are operative in the treatment of Menkes disease.[8](#open201900159-bib-0008){ref-type="ref"}, [9](#open201900159-bib-0009){ref-type="ref"}, [10](#open201900159-bib-0010){ref-type="ref"}, [11](#open201900159-bib-0011){ref-type="ref"} Besides, the copper chelation therapy for treatment of neurodegenerative disorders (such as Parkinson, Alzheimer, Creutzfeldt Jakob) and several types of cancers has been under development in the last decades.[4](#open201900159-bib-0004){ref-type="ref"}, [12](#open201900159-bib-0012){ref-type="ref"}, [13](#open201900159-bib-0013){ref-type="ref"}

LMW copper(II) coordination compounds typically comprise four nearby donor atoms arranged approximately in a plane around the metal ion, with the possibility of one or two more distant axial donor atoms due to the Jahn‐Teller effect.[14](#open201900159-bib-0014){ref-type="ref"}, [15](#open201900159-bib-0015){ref-type="ref"}, [16](#open201900159-bib-0016){ref-type="ref"} When a potentially tridentate amino acid forms a chelate with copper(II), there are many possibilities of both axial and planar bonds. Conversely to the solid‐state structural characterization, which generally results with an exact and unique structure, the determination of structure(s) in solutions (which may not be identical to the solid state one) is complicated by the possibilities of different complexing species, coordination numbers and geometries dependent on the pH, temperature, solvent composition, a ratio of the metal and ligand. Thus, the determination of an exact structure of the LMW copper(II) complexes in solutions is far from being an easy task neither experimentally nor computationally.

During the last years we have performed quantum‐chemical conformational analyses of Cu([l]{.smallcaps}‐His)~2~,[17](#open201900159-bib-0017){ref-type="ref"} bis([l]{.smallcaps}‐threoninato)copper(II) \[Cu([l]{.smallcaps}‐Thr)~2~\],[18](#open201900159-bib-0018){ref-type="ref"} and ([l]{.smallcaps}‐histidinato)([l]{.smallcaps}‐threoninato)copper(II) \[Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Thr)\][19](#open201900159-bib-0019){ref-type="ref"} aimed at elucidating the structural properties of physiological Cu(aa)~2~ species in solutions. As a continuation of these analyses, this paper investigates the structural properties, energy landscapes, and structure--magnetic property relation of physiological bis([l]{.smallcaps}‐asparaginato)copper(II) \[Cu([l]{.smallcaps}‐Asn)~2~\] and ([l]{.smallcaps}‐histidinato)([l]{.smallcaps}‐asparaginato)copper(II) \[Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn)\] in different surroundings using the density functional theory (DFT) method with the B3LYP[20](#open201900159-bib-0020){ref-type="ref"}, [21](#open201900159-bib-0021){ref-type="ref"}, [22](#open201900159-bib-0022){ref-type="ref"}, [23](#open201900159-bib-0023){ref-type="ref"} functional.

The LMW copper(II) complexes with [l]{.smallcaps}‐His and [l]{.smallcaps}‐Asn may also be considered model systems for studying the noncovalent interactions between the amino‐acid side chains around copper in proteins. [l]{.smallcaps}‐His binds with an unprotonated imino nitrogen atom to transition metal ions in many active sites of metalloproteins. In the type 1 electron‐transfer copper proteins, like plastocyanin, it was found experimentally[24](#open201900159-bib-0024){ref-type="ref"} and computationally[25](#open201900159-bib-0025){ref-type="ref"}, [26](#open201900159-bib-0026){ref-type="ref"} that the formation of hydrogen bonds between the [l]{.smallcaps}‐Asn side chain and [l]{.smallcaps}‐serine ([l]{.smallcaps}‐Ser), and between the [l]{.smallcaps}‐Asn main chain NH and [l]{.smallcaps}‐cysteine as well, is crucial for maintaining the active site geometry and functionality. These [l]{.smallcaps}‐Asn and [l]{.smallcaps}‐Ser are adjacent to the [l]{.smallcaps}‐His and [l]{.smallcaps}‐cysteine, respectively, which are bound to copper in the active site. White et al. studied the metal complex equilibria in xylem fluids and suggested that the major portion of Cu was bound to [l]{.smallcaps}‐Asn and [l]{.smallcaps}‐His.[27](#open201900159-bib-0027){ref-type="ref"} Intracellular [l]{.smallcaps}‐Asn levels are suggested to regulate amino‐acid uptake in cells, especially of [l]{.smallcaps}‐Ser, [l]{.smallcaps}‐arginine and [l]{.smallcaps}‐His.[28](#open201900159-bib-0028){ref-type="ref"} Besides, [l]{.smallcaps}‐Asn is considered an important regulator of cancer cell amino acid homeostasis, anabolic metabolism and proliferation.[28](#open201900159-bib-0028){ref-type="ref"}, [29](#open201900159-bib-0029){ref-type="ref"}

The solid‐state copper(II)‐[l]{.smallcaps}‐Asn complexes were characterized by the IR spectra \[Cu([l]{.smallcaps}‐Asn)~2~,[30](#open201900159-bib-0030){ref-type="ref"}, [31](#open201900159-bib-0031){ref-type="ref"} Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn)[32](#open201900159-bib-0032){ref-type="ref"}\], a Raman spectrum of Cu([l]{.smallcaps}‐Asn)~2~,[30](#open201900159-bib-0030){ref-type="ref"} the electron paramagnetic resonance (EPR) spectra of Cu([l]{.smallcaps}‐Asn)~2~,[33](#open201900159-bib-0033){ref-type="ref"}, [34](#open201900159-bib-0034){ref-type="ref"}, [35](#open201900159-bib-0035){ref-type="ref"} and by the X‐ray single crystal structural analysis.[36](#open201900159-bib-0036){ref-type="ref"}, [37](#open201900159-bib-0037){ref-type="ref"} Cu([l]{.smallcaps}‐Asn)~2~ crystallized as an anhydrous *trans* compound.[36](#open201900159-bib-0036){ref-type="ref"} The X‐ray crystal and molecular structures of an anhydrous Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) complex and an aqua trihydrate \[Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn)(H~2~O)⋅3H~2~O\] modification were determined.[37](#open201900159-bib-0037){ref-type="ref"}

In aqueous solutions, the potentiometric[32](#open201900159-bib-0032){ref-type="ref"}, [38](#open201900159-bib-0038){ref-type="ref"}, [39](#open201900159-bib-0039){ref-type="ref"}, [40](#open201900159-bib-0040){ref-type="ref"}, [41](#open201900159-bib-0041){ref-type="ref"} calorimetric,[39](#open201900159-bib-0039){ref-type="ref"}, [40](#open201900159-bib-0040){ref-type="ref"}, [41](#open201900159-bib-0041){ref-type="ref"}, [42](#open201900159-bib-0042){ref-type="ref"} polarographic,[43](#open201900159-bib-0043){ref-type="ref"} and EPR[44](#open201900159-bib-0044){ref-type="ref"}, [45](#open201900159-bib-0045){ref-type="ref"}, [46](#open201900159-bib-0046){ref-type="ref"}, [47](#open201900159-bib-0047){ref-type="ref"} measurements of copper(II)‐asparaginato systems suggested that at pH \<9 the coordination sites of [l]{.smallcaps}‐Asn to Cu(II) are the same as those of glycine (Gly) (namely, the amino and carboxylate groups), and that the side‐chain amido group is not involved. In the pH range 10--12, the spectroscopic results (optical rotary dispersion,[48](#open201900159-bib-0048){ref-type="ref"}, [49](#open201900159-bib-0049){ref-type="ref"} electronic absorption spectra,[47](#open201900159-bib-0047){ref-type="ref"}, [49](#open201900159-bib-0049){ref-type="ref"} NMR,[50](#open201900159-bib-0050){ref-type="ref"} EPR[47](#open201900159-bib-0047){ref-type="ref"}) detected an axially bound [l]{.smallcaps}‐Asn amido group, its deprotonation and the axial bond strengthening. If both amido groups in the bis‐complex are deprotonated, the second one is bound equatorially.[47](#open201900159-bib-0047){ref-type="ref"}

The stability constants (log *β*) of both, Cu([l]{.smallcaps}‐Asn)~2~ and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn), were determined in aqueous solutions at different ionic strengths and temperatures using potentiometric titrations and calorimetry. For Cu([l]{.smallcaps}‐Asn)~2~, log *β* is 14.45 (0.1 [m]{.smallcaps} KNO~3~, 25 °C),[38](#open201900159-bib-0038){ref-type="ref"} 14.142 (0.15 [m]{.smallcaps} NaClO~4~, 37 °C),[51](#open201900159-bib-0051){ref-type="ref"} and 16.042 (3.0 [m]{.smallcaps} NaClO~4~, 25 °C).[39](#open201900159-bib-0039){ref-type="ref"} The corresponding Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) log *β* values were 17.03,[32](#open201900159-bib-0032){ref-type="ref"} 16.810,[51](#open201900159-bib-0051){ref-type="ref"} and 18.597.[40](#open201900159-bib-0040){ref-type="ref"} Thus, the stability constant of the ternary Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) was larger than that of the parent Cu([l]{.smallcaps}‐Asn)~2~. Baxter and Williams obtained a greater Gibbs free energy change (−Δ*G*) for the formation of the ternary complex from an increased entropy change (*T*Δ*S*) and a lower than expected enthalpy change (−Δ*H*).[40](#open201900159-bib-0040){ref-type="ref"} They hypothesized that the increased *T*Δ*S* might be due to more water molecules released from the copper solvation sphere upon forming the ternary than the binary complex, which in turn caused the decrease of −Δ*H* because more aquation bonds were broken.[40](#open201900159-bib-0040){ref-type="ref"}

The stability constants were used to compute the amounts of the species present at blood plasma pH values (7.3--7.4) under the experimental conditions applied. For the Cu^II^/[l]{.smallcaps}‐His/[l]{.smallcaps}‐Asn system (0.1 [m]{.smallcaps} KNO~3~, 25 °C), the total copper was distributed in 72 % Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn), 14 % Cu([l]{.smallcaps}‐Asn)~2~, and 13 % Cu([l]{.smallcaps}‐His)~2~.[32](#open201900159-bib-0032){ref-type="ref"} A similar result was obtained for the copper(II)‐[l]{.smallcaps}‐His systems with either [l]{.smallcaps}‐Thr, [l]{.smallcaps}‐Gln, or [l]{.smallcaps}‐Ser, that the ternary species predominated at pH\>6.5, and that the protonated species were negligible in solutions of pH \>3.45.[32](#open201900159-bib-0032){ref-type="ref"} Baxter and Williams computed the species distribution at the [l]{.smallcaps}‐His, [l]{.smallcaps}‐Asn, and Cu^II^ blood plasma concentrations by using the stability constants determined in 3.0 [m]{.smallcaps} NaClO~4~ solution at 25 °C, and obtained Cu([l]{.smallcaps}‐His)~2~ and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) as the major species with 55 % and 30 % total copper, respectively.[40](#open201900159-bib-0040){ref-type="ref"} Brumen et al. computed the distribution of Cu^II^ in the ultrafiltrable fraction of normal blood plasma by using the stability constants determined from potentiometric titrations in 0.15 [m]{.smallcaps} NaClO~4~ (blood plasma ionic strength) at 37 °C.[51](#open201900159-bib-0051){ref-type="ref"} The largest percentage of ultrafiltrable copper was calculated to be in Cu([l]{.smallcaps}‐His)~2~ and the ternary [l]{.smallcaps}‐His complexes with [l]{.smallcaps}‐Gln and [l]{.smallcaps}‐Thr (15.5 %, 19.2 %, and 14.7 %, respectively) whereas 4.2 % of total Cu^II^ was predicted to be in Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn). Common to these studies is that the electrically neutral species predominated. Such species would be favored in the transport of Cu^II^ in hydrophobic environments such as biological membranes.

The overviewed experimental studies of the title Cu(aa)~2~ complexes were intensive during the 1970s through the 1980s. However, they did not determine the exact structures of the complexes in solutions. In this study we resolved that missing piece of information, and reinterpreted some of the experimental outcomes accordingly. The aim of the study is to determine the exact structures and gain new information about the environmental effects on the structural properties of physiologically important Cu(aa)~2~ in aqueous solution, as part of their physicochemical characterization for potential use in medicine. Emphasis is given to relate the apical coordination to the Cu^II^ with available experimental evidences on the title complexes in solutions. In aqueous solutions at physiological pH, the coordination mode of Cu([l]{.smallcaps}‐Asn)~2~ was suggested to be glycine‐like because the stability constants were very similar to those of the Cu(aa)~2~ complexes that could have only the amino nitrogen (N~am~) and carboxylato oxygen (O) atoms coordinated to the Cu^II^ with formation of a five‐member chelate ring.[38](#open201900159-bib-0038){ref-type="ref"}, [39](#open201900159-bib-0039){ref-type="ref"}, [41](#open201900159-bib-0041){ref-type="ref"}, [44](#open201900159-bib-0044){ref-type="ref"}, [45](#open201900159-bib-0045){ref-type="ref"} However, the question whether the amido group was also coordinated to the Cu^II^ (and formed a six‐ or seven‐member chelate ring with either the N~am~ or O atom) could not be definitely answered from the available experimental results. To resolve the dilemma, this paper examines the relative stability of conformers in all possible in‐plane binding modes of Cu([l]{.smallcaps}‐Asn)~2~. Systematic conformational analyses in the gas phase and in implicitly modeled aqueous surroundings using a polarizable continuum model (PCM)[52](#open201900159-bib-0052){ref-type="ref"}, [53](#open201900159-bib-0053){ref-type="ref"} were performed for Cu([l]{.smallcaps}‐Asn)~2~ and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) to locate the low‐energy conformers, and rationalize the effect of noncovalent interactions on the coordination modes and overall geometries of the complexes. Coordination of explicit water molecules to the apical position of selected low‐energy conformation was included in the study. The predicted lower‐energy aqueous structures are used for DFT calculations of the *g*‐factor and hyperfine coupling constant (HFCC) for a quantitative comparison to experimental EPR data. The suitability of theoretically modeled aqueous environment to encounter the noncovalent interactions was examined by comparing the experimental X‐ray molecular structures with the ones calculated in the gas phase and aqueous solution. The computational outcomes were compared for the title complexes with previously obtained ones for physiological Cu([l]{.smallcaps}‐His)~2~,[17](#open201900159-bib-0017){ref-type="ref"} Cu([l]{.smallcaps}‐Thr)~2~,[18](#open201900159-bib-0018){ref-type="ref"} and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Thr).[19](#open201900159-bib-0019){ref-type="ref"}

2. Results and Discussion {#open201900159-sec-0002}
=========================

2.1. Defining In‐plane Binding Modes {#open201900159-sec-0003}
------------------------------------

***Cu([l]{.smallcaps}‐Asn)*** ~***2***~. The trifunctional nature of [l]{.smallcaps}‐Asn leads to a flexidentate coordination. In addition to the amino nitrogen (N~am~), and carboxylate oxygen (O) donor atoms, the −CONH~2~ group contains two different donor atoms and therefore may be coordinated by the amidic nitrogen (N~ad~) or oxygen (O~ad~) atom. For the nomenclature of various in‐plane binding modes of [l]{.smallcaps}‐Asn to Cu(II), we term −C^β^H~2~−C~ad~O~ad~−N~ad~H~2~ as "side chain" and H~2~N~am~−C^α^H−C~c~OO as "main chain" (see Scheme [1](#open201900159-fig-5001){ref-type="fig"} for atom labeling). In the mode names (Scheme [2](#open201900159-fig-5002){ref-type="fig"}), we denote the in‐plane binding of N~ad~ and O~ad~ from the side chain by lower case letters, and the binding of N~am~ and O from the main chain by upper case letters. Hence, "Oo" will indicate the mode in which O and O~ad~ bind to copper, and "On" will indicate that O and N~ad~ bind to copper. "NO" will stand for the glycinato mode, in which the main chain atoms, N~am~ and O, bind to Cu. The "no" mode, with N~ad~ and O~ad~ binding to the central Cu^II^, was considered to be sterically improbable.

![The atom labeling in [l]{.smallcaps}‐asparagine ([l]{.smallcaps}‐Asn) and [l]{.smallcaps}‐histidine ([l]{.smallcaps}‐His) used in this paper. Either N^τ^ or N^π^ can be protonated. The chelating atoms discussed in this paper are denoted by the circles.](OPEN-8-852-g012){#open201900159-fig-5001}

![Defining the coordination mode names in Cu([l]{.smallcaps}‐Asn)~2~ (the chelate atoms are given in parentheses): NO (N~am~ and O), No (N~am~ and O~ad~), Nn (N~am~ and N~ad~), Oo (O and O~ad~), On (O and N~ad~), O2 (two carboxylate O atoms).](OPEN-8-852-g013){#open201900159-fig-5002}

By applying this notation to the binding of two [l]{.smallcaps}‐Asn in the bis‐complex, we can distinguish 15 unique in‐plane coordination‐mode combinations: NONO, NONo, NONn, NOOn, NOOo, NnOn, NnNo, NnOo, NoOo, OnOo, NoOn, NnNn, NoNo, OoOo and OnOn.

In all of these modes, the two amino acids can combine in an equatorial plane relative to each other in a *cis* or *trans* configuration, which we indicated by a leading "c" or "t". While *cis* and *trans* configurations are easy to define for the NONO mode, this becomes a challenge for the mixed main‐ and side‐chain binding modes. To keep the definition simple in these cases, the main chain atoms are given precedence. It should be noted that this rule can sometimes result in e. g. a *trans* structure, in which two oxygen and two nitrogen atoms will be next to each other (like in tNoOn) but the two main group atoms bound to Cu are opposite of one another, hence the classification *trans*.

***Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn)***. [l]{.smallcaps}‐His has three possible donor atoms: amino group N~am~, imidazole N^π^ (N~im~), and carboxylate O, which can form three different in‐plane binding modes as described in details elsewhere:[17](#open201900159-bib-0017){ref-type="ref"}, [54](#open201900159-bib-0054){ref-type="ref"} G, H, and I for glycine‐like (N~am~ and O bind to the copper), histamine‐like (N~am~ and N~im~ are the donor atoms), and imidazole--propionic acid (impa)‐like mode (O and N~im~ are the chelating atoms), respectively. These modes are illustrated in Scheme [3](#open201900159-fig-5003){ref-type="fig"}.

![The coordination mode names of [l]{.smallcaps}‐His in Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) (hydrogen atoms are omitted for clarity) as follows: glycine‐like mode with N^τ^ protonated (G), glycine‐like mode with N^π^ (N~im~) protonated (Gp), histamine‐like mode (H), and impa‐like mode (I).](OPEN-8-852-g014){#open201900159-fig-5003}

In the physiological pH range, the [l]{.smallcaps}‐His imidazole ring is neutral, i. e. only one of the two nitrogen atoms (N^π^ or N^τ^) carries a hydrogen atom (Scheme [1](#open201900159-fig-5001){ref-type="fig"}). The thermodynamic parameters (stepwise enthalpies and entropies of formation) measured for the [l]{.smallcaps}‐hystidyl‐copper(II)‐proton system in aqueous solution (3.0 [m]{.smallcaps} NaClO~4~, 25 °C) suggested that the complexes existing in aqueous solution were of only one tautomer, the N^τ^‐protonated one with N^π^ as the potential chelating atom.[55](#open201900159-bib-0055){ref-type="ref"} In line with that, the study of Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Thr) showed that generally, the glycinato‐mode conformers with protonated N^τ^ have a lower energy, but several conformers with protonated N^π^ are in a comparable energy range.[19](#open201900159-bib-0019){ref-type="ref"} Hence, the glycinato‐mode initial structures were prepared in both variants, and the N^π^‐protonated ones are labelled as "Gp" (Scheme [3](#open201900159-fig-5003){ref-type="fig"}).

Consistently with the results of conformational analyses of Cu([l]{.smallcaps}‐Asn)~2~ (see 2.3), we decided to restrict the systematic conformational search of Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) to [l]{.smallcaps}‐Asn in the glycinato mode only. Due to this decision, "N" is used as the symbol for [l]{.smallcaps}‐Asn in the ternary complex conformers. Hence, we term the Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) conformers in possible [l]{.smallcaps}‐His (G, Gp, H, and I) and [l]{.smallcaps}‐Asn (N) coordination combinations as GN, GNp, HN and IN, respectively. Initial structures were generated with an approximate square planar arrangement around the copper atom with the N~am~ atoms of the GN, GNp, and HN modes, and the carboxylato O atoms of the IN mode in the *cis*‐ and the *trans*‐configuration (indicated by a leading "c" or "t" in the conformer names).

For both systems under scrutiny, geometry optimizations were performed in the gas phase as well as in an implicitly modeled aqueous solution. The latter was carried out using PCM, the details of which are given in the Computational Methods section at the end of the Article. For selected low‐energy PCM aqueous geometries with different binding modes, the effect of an apically coordinated water molecule was investigated.

2.2. Minimum Structures by Geometry Optimizations {#open201900159-sec-0004}
-------------------------------------------------

The geometry optimizations for Cu([l]{.smallcaps}‐Asn)~2~ resulted in a total of 760 conformers in the gas phase and 904 conformers in aqueous solution (Table [1](#open201900159-tbl-0001){ref-type="table"}). The geometry optimizations of Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) yielded a total of 475 conformers in the gas phase and 661 conformers in aqueous solution (Table [2](#open201900159-tbl-0002){ref-type="table"}).

###### 

Number of Cu([l]{.smallcaps}‐Asn)~2~ conformers as follows: in 15 *trans* ("t") and 15 *cis* ("c") in‐plane bidentate coordination modes, with tetrahedral ("Td") copper(II) coordination geometry, in O2 modes, and with monodentate binding ("mono‐bi") of one or two [l]{.smallcaps}‐Asn to the copper(II) in the gas phase and implicitly modeled aqueous solution.

  Mode    Gas phase   Aqueous solution   Mode      Gas phase   Aqueous solution
  ------- ----------- ------------------ --------- ----------- ------------------
  tNONO   31          74                 cNONO     17          66
  tNOOo   36          54                 cNOOo     35          53
  tNONo   15          29                 cNONo     26          32
  tNOOn   53          62                 cNOOn     30          74
  tNONn   27          54                 cNONn     26          47
  tOoOo   15          13                 cOoOo     11          11
  tNoNo   8           4                  cNoNo     6           9
  tNoOo   12          9                  cNoOo     13          19
  tNnOo   15          15                 cNnOo     15          15
  tOnOo   20          26                 cOnOo     13          27
  tOnOn   16          19                 cOnOn     4           16
  tNnNo   6           10                 cNnNo     6           13
  tNoOn   9           28                 cNoOn     20          19
  tNnOn   17          29                 cNnOn     8           20
  tNnNn   1           11                 cNnNn     0           13
  O2NO    38          2                  O2No      16          0
  O2Oo    19          0                  O2On      28          10
  O2O2    6           0                  O2Nn      18          0
  Td      103         1                  mono‐bi   21          20

Wiley‐VCH Verlag GmbH & Co. KGaA

###### 

Number of B3LYP gas‐phase and aqueous PCM *cis*‐ and *trans*‐Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) minima in the corresponding coordination modes.

  Mode    Gas phase   Aqueous solution         
  ------- ----------- ------------------ ----- -----
  GN      69          63                 127   122
  GNp     112         111                132   121
  HN      5           16                 22    25
  IN      59          40                 62    50
  Total   245         230                343   318

Wiley‐VCH Verlag GmbH & Co. KGaA

In the Supporting Information, the gas‐phase names, relative electronic energies (Δ*V* ~vacuum~) and characteristic torsion angles of all obtained gas‐phase conformers are collected in tables as follows: Tables S1--S38 for Cu([l]{.smallcaps}‐Asn)~2~, and Tables S73--S81 for Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn). For the minimum structures in aqueous medium, the same corresponding data and relative electronic energies (Δ*V* ~water~) and Gibbs free energies (Δ*G* ~water~) are provided in Tables S39--S72 for Cu([l]{.smallcaps}‐Asn)~2~, and Tables S82--S89 for Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn). Figures S1--S5 and Figures S6--S7 present the illustrations of up to five gas‐phase and aqueous minima, respectively, with lowest electronic energies in each of the coordination modes of Cu([l]{.smallcaps}‐Asn)~2~ and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn). The conformers are sorted and named by the mode and the electronic energy values, from lowest to largest values, with "1" in the name for the lowest‐energy minimum of a specific mode. The PCM aqueous conformers are distinguished from the gas‐phase ones by an additional letter "w" in front of the number in the names. Selected lower‐energy aqueous conformers of the title complexes interacting with one and two explicit water molecules are further differentiated by additional letter "a" and "b", respectively, in the names (Figure S8).

***Cu([l]{.smallcaps}‐Asn)*** ~***2***~. The conformers with the lowest overall electronic energy values are tNONO1 in the gas phase, and tNONOw1 in aqueous solution (Figure [1](#open201900159-fig-0001){ref-type="fig"}). The energies of these two conformers (Tables S2 and S39, respectively) are used as the reference values in the respective environments. Although the starting conformations were prepared for all of the 30 in‐plane binding modes, some of the geometry optimizations yielded yet another new binding motif; namely, one in which both oxygen atoms from the same carboxylato group bind to Cu^II^. In the nomenclature sketched above, this would be an "OO" mode, which we called "O2" (Scheme [2](#open201900159-fig-5002){ref-type="fig"}) as a more easily recognizable symbol. As a matter of fact, the combination of O2 with all in‐plane binding modes was found (Table [1](#open201900159-tbl-0001){ref-type="table"}). It should be stressed that we did not specifically look for these O2 conformers, but those, that we obtained by geometry optimization, we did define and list in the Supporting Information (Tables S31--S36 and Tables S69--S70; Figures S2 and S4). Interestingly, while there are 125 such conformers obtained in the gas phase, only 12 are stable in aqueous solution (Table [1](#open201900159-tbl-0001){ref-type="table"}). Additionally, some optimizations resulted in at least one [l]{.smallcaps}‐Asn bound to copper with only one hetero atom, i. e., its binding was no longer bidentate (Table [1](#open201900159-tbl-0001){ref-type="table"}). Those structures are listed in the Supporting Information Tables S38 and S72.

![The most stable Cu([l]{.smallcaps}‐Asn)~2~ structures: gas‐phase conformer tNONO1, and five aqueous conformers with lowest Gibbs free energies, *G* ~water~. The relative electronic (Δ*V* ~water~) and Δ*G* ~water~ energies of the aqueous conformers are printed in italic. Hydrogen bonds are depicted by dashed lines.](OPEN-8-852-g001){#open201900159-fig-0001}

Although all minima are listed in the Supporting Information, those with the O2 mode and the coordination number less than 4 were not analyzed further because *(i)* such structures were not outlined by experimental studies overviewed in the Introduction as physiologically important species, and *(ii)* the relative energies of their most stable conformers are rather high \[≈51--59 kJ mol^−1^ for cO2NO1 (Figure S2) and cO2Now1 (Figure S4); 78.6 and 148.8 kJ mol^−1^ for the three‐coordinate Cu([l]{.smallcaps}‐Asn)~2~ NOO1 and OoOw1 conformers, respectively\].

Another feature of the optimized structures is the fact that a distorted‐planar arrangement around copper is, for some binding modes, not the only one obtained. Figure [2](#open201900159-fig-0002){ref-type="fig"} depicts the relative gas‐phase electronic energy as a function of the angle *β* between two half‐planes of copper and its donor atoms in each [l]{.smallcaps}‐Asn ligand. The planar copper(II) coordination geometry is an electronically favored structure for Cu(aa)~2~ complexes, and an intramolecular steric hindrance can be alleviated either by distortion of the copper(II) coordination polyhedron and/or by changing the geometry of the chelate rings.[56](#open201900159-bib-0056){ref-type="ref"} Figure [2](#open201900159-fig-0002){ref-type="fig"} shows that the approximate square‐planar arrangement, which is predominant at low‐energy structures, becomes more and more distorted until, for high‐energy conformers, a tetrahedral arrangement is formed. To make these easily identifiable, we changed the label "c" to "z" and "t" to "x" (Table S37) if the *β* angle between the two planes of copper and the respective amino acids was in the range of 45° to 135° (Figure [2](#open201900159-fig-0002){ref-type="fig"}). Figure S3 illustrates several such minima.

![Gas‐phase electronic energy dependence on the angle *β* between the normal vectors to the planes defined by \<Cu, X, Y\> and \<Cu, X', Y'\>, where X and Y are donor atoms of one amino acid, and X' and Y' are donor atoms of another amino acid in Cu([l]{.smallcaps}‐Asn)~2~. The *β* values of 0° and 180° correspond to the *cis* and *trans*, respectively, square‐planar copper environment, and *β* values around 90° indicate a tetrahedral arrangement.](OPEN-8-852-g002){#open201900159-fig-0002}

***Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn)***. The gas‐phase and aqueous conformers with the lowest overall electronic energy, tGN1 and tGNw1, are illustrated in Figure [3](#open201900159-fig-0003){ref-type="fig"}. tGNw1 is also the conformer with the overall lowest Gibbs free energy in aqueous solutions (Table S82). The energies of these two conformers were used as reference values in the respective environments.

![The most stable gas‐phase conformer tGN1, and aqueous Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) structures: four conformers with the lowest Gibbs free energies (the tGN conformers), and the conformers with the lowest electronic (*V* ~water~) and/or Gibbs free energies (*G* ~water~) in each group of the GNp, IN, and HN conformers. Relative Δ*V* ~water~ (red) and ΔG~water~ (blue) values are given in italic. Hydrogen bonds are shown with dashed lines.](OPEN-8-852-g003){#open201900159-fig-0003}

2.3. Conformational Analyses {#open201900159-sec-0005}
----------------------------

The DFT/B3LYP conformational analyses of Cu([l]{.smallcaps}‐Asn)~2~ and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) performed in the gas phase and in implicitly modeled aqueous solution were used to study the influence of intermolecular interactions between the complexes and water medium on the stability of coordination modes and overall geometries. The energy landscapes of aqueous (Figures [4](#open201900159-fig-0004){ref-type="fig"}−6) and isolated (Figures [5](#open201900159-fig-0005){ref-type="fig"}, S9 and S10) systems were compared. It should be stressed that a complete conformational landscape of an isolated complex is a prerequisite to rationalize the impact of intermolecular interactions on the geometry of the complex in aqueous solution. For both title complexes, the much larger number of aqueous conformers compared to the gaseous ones (Tables [1](#open201900159-tbl-0001){ref-type="table"} and [2](#open201900159-tbl-0002){ref-type="table"}) with a distorted‐planar Cu^II^ coordination geometry suggests that intermolecular interactions stabilize the conformers which are unstable in the gas phase. Similar results were obtained by the conformational analyses of Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Thr).[19](#open201900159-bib-0019){ref-type="ref"} Additionally, we evaluate the population of conformers in aqueous solution (Tables [3](#open201900159-tbl-0003){ref-type="table"} and [4](#open201900159-tbl-0004){ref-type="table"}), analyze apical Cu--donor distances (Table [5](#open201900159-tbl-0005){ref-type="table"}), list the means of in‐plane Cu--donor bond lengths and valence angles around Cu^II^ (Tables S90--S92), as well as the number of intra‐ and inter‐ligand hydrogen bonds (Tables S93--S95) in the title complexes.

![Relative B3LYP electronic energies, Δ*V* ~water~, of the *trans*‐ and *cis*‐Cu([l]{.smallcaps}‐Asn)~2~ conformers in the denoted coordination modes in simulated aqueous environment. The electronic energy of tNONOw1 is the reference value (Table S39). "Td" denotes the tetrahedrally distorted conformer.](OPEN-8-852-g004){#open201900159-fig-0004}

![Comparison of relative electronic energies (Δ*V*) for the lowest‐energy Cu([l]{.smallcaps}‐Asn)~2~ conformers in each of the in‐plane modes in the gas phase (blue, left column) and PCM‐estimated aqueous solution (red, right column).](OPEN-8-852-g005){#open201900159-fig-0005}

###### 

Statistical weights, *w* (×100 %), greater than 0.9 %, and relative Gibbs free energies, Δ*G* ~water~ (kJ mol^−1^), of denoted Cu([l]{.smallcaps}‐Asn)~2~ conformers in aqueous solution at 298.15 K.^\[a,b\]^

  Conformer   Δ*G* ~water~   *w*    Conformer   Δ*G* ~water~   *w*
  ----------- -------------- ------ ----------- -------------- -----
  tNONOw1     0.0            28.3   cNONOw6     6.9            1.8
  tNONOw10    1.6            14.9   cNONOw1     7.0            1.7
  tNONOw6     1.7            14.3   tNONOw4     7.0            1.7
  tNONOw5     2.6            9.9    cNONOw10    7.8            1.2
  cNONOw2     4.1            5.4    tNONOw13    7.8            1.2
  tNONOw2     4.8            4.1    tNONOw21    8.0            1.1
  tNONOw3     5.1            3.6    tNONOw7     8.3            1.0
  tNONOw8     5.2            3.5    cNONOw5     8.4            1.0

\[a\] The *w* values were calculated using Equation (1) (see Computational Methods) by accounting 230 conformers in the NONO and NONo modes. *G* ~water,min~ in Equation (1) was equal to the Gibbs free energy of the tNONOw1 conformer (Table S39). \[b\] The conformers are defined in Tables S39--S42.
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###### 

Statistical weights, *w* (×100 %), greater than 0.96 %, and relative Gibbs free energies, Δ*G* ~water~ (kJ mol^−1^), of the denoted Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) conformers in aqueous solution at 298.15 K, and the weighted Δ*G* ~water~ averages calculated separately for the conformers in each coordination mode.^\[a,b\]^

  Conformer                     Δ*G* ~water~          *w*    conformer   Δ*G* ~water~   *w*
  ----------------------------- -------------- ------ ------ ----------- -------------- -----
  tGNw1                         0.0                   12.6   tGNw35      4.6            2.0
  tGNw3                         1.4                   7.2    cHNw3       4.6            2.0
  tGNw4                         1.8                   6.1    cGNw1       4.8            1.8
  tGNw2                         1.9                   5.9    tHNw1       4.9            1.8
  tGNw13                        2.3                   5.0    tHNw3       5.0            1.7
  cHNw4                         2.6                   4.4    tGNw14      5.1            1.6
  cHNw2                         3.1                   3.6    tGNw34      5.5            1.4
  cGNw3                         3.2                   3.5    tGNw23      6.0            1.1
  cGNw2                         3.3                   3.3    cGNw9       6.2            1.0
  tGNw12                        3.8                   2.7    tINw1       6.3            1.0
  tGNw18                        3.9                   2.6    tGNw17      6.3            1.0
  cGNw7                         4.4                   2.1    tINw3       6.4            1.0
  \<Δ*G* ~water~\>/kJ mol^−1^                                                           
  tGN                           cGN            tGNp   cGNp   tHN         cHN            tIN
  3.3                           5.7            9.9    14.2   6.0         4.0            7.1

\[a\] The *w* and \<Δ*G* ~water~\> values were calculated for 475 conformers using Equations (1) and (2), respectively (see Computational Methods). The *G* ~water,min~ in Equation (1) was equal to the Gibbs free energy of the tGNw1 conformer (Table S82). \[b\] The conformers are defined in Tables S82--S89.
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###### 

Means, standard deviations (in parentheses), and number (*N*) of the B3LYP Cu--donor apical bond distances (\<3.0 Å) in *trans* and *cis* conformers of Cu([l]{.smallcaps}‐Asn)~2~ (the NONO and NONo modes) and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) (the GN, GNp, HN, IN modes) in the gas phase and PCM‐calculated aqueous solution.

                     Cu−N~im~   *N* ^\[a\]^   Cu−N~am~   *N* ^\[a\]^   Cu−O       *N* ^\[a\]^   Cu−N~ad~   *N*   Cu−O~ad~   *N* ^\[a\]^
  ------------------ ---------- ------------- ---------- ------------- ---------- ------------- ---------- ----- ---------- -------------
  Gas phase                                                                                                                 
  tNONO                                                                                         2.67(7)    5     2.5(1)     6
  cNONO                                                                                         2.7(1)     3     2.92(5)    3
  Aqueous solution                                                                                                          
  tNONO                                                                                         2.87(6)    9     2.38(3)    11 \[3\]
  cNONO                                                                                         2.91(4)    8     2.38(4)    10 \[2\]
  Gas phase                                                                                                                 
  tNONo                                                                                         2.64(5)    2     2.42(1)    3
  cNONo                                                                2.178      1             2.624      1     2.37(6)    5
  Aqueous solution                                                                                                          
  tNONo                                                                2.25(3)    5             2.75(3)    3     2.38(8)    3
  cNONo                                                                2.24(4)    5             2.8(1)     3     2.332(4)   2
  Gas phase                                                                                                                 
  tGN                2.38(4)    10                                                              2.63(2)    3     2.48(3)    5
  cGN                2.35(5)    10                                                                               2.88(9)    3
  tGNp               2.941      1                                                               2.67(6)    7     2.4(1)     11
  cGNp               2.98(2)    2                                                               2.62(4)    10    2.7(2)     9
  tHN                                                                                                                        
  cHN                                                                  2.24(6)    2                              2.36(6)    3
  tIN                                         2.33(4)    9                                      2.62(6)    4     2.46(5)    4
  cIN                                         2.29(1)    6                                      2.7(2)     4     2.612      1
  Aqueous solution                                                                                                          
  tGN                2.336(8)   8 \[5\]                                                         2.84(5)    3     2.40(7)    12 \[6\]
  cGN                2.33(2)    10 \[3\]                                                                         2.38(6)    14 \[1\]
  tGNp                                                                                          2.9(1)     2     2.38(3)    12
  cGNp                                                                                          2.91(5)    3     2.360(5)   12
  tHN                                                                  2.264(9)   10 \[3\]                       2.4(1)     3
  cHN                                                                  2.29(2)    11 \[6\]                       2.356(7)   2
  tIN                                         2.29(1)    10 \[2\]                               2.79(7)    3     2.4(1)     6
  cIN                                         2.271(7)   10                                     2.8(1)     3     2.37(2)    4

\[a\] The numbers in square brackets represent the occurrence of apical coordination among 21 Cu([l]{.smallcaps}‐Asn)~2~ and 57 Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) conformers with Δ*G* ~water~≤10.0 kJ mol^−1^.
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***Energy Landscapes of Cu([l]{.smallcaps}‐Asn)*** ~***2***~. The energy landscapes of isolated and aqueous Cu([l]{.smallcaps}‐Asn)~2~ are shown in Figures S9 and 4, respectively. The most stable aqueous conformer tNONOw1 (Figure [1](#open201900159-fig-0001){ref-type="fig"}, Table S39) has the same conformation as gaseous tNONO2 (Δ*V* ~vacuum~=0.7 kJ mol^−1^, Table S2). However, an aqueous counterpart of the most stable gaseous conformer tNONO1, with two intra‐ligand and two inter‐ligand hydrogen bonds (Figure [1](#open201900159-fig-0001){ref-type="fig"}), becomes less stable in aqueous surroundings (tNONOw34, Δ*V* ~water~=17.7 kJ mol^−1^; Δ*G* ~water~=31.5 kJ mol^−1^, Table S39). The single aqueous tetrahedral conformer (Figure [4](#open201900159-fig-0004){ref-type="fig"}, Table S71) compared to the 103 in the gas phase (Figure S9, Table S37) suggests that the interactions between the complex and the water solvent can cause the intramolecular hydrogen bonds to break with a subsequent relaxation to distorted planar structures of lower energy.

The energy landscapes show that the most stable conformers are in the tNONO mode, distinctively in the gas phase (Figure S9), while in aqueous solution, both tNONO and cNONO conformers can have comparable energies (Figure [4](#open201900159-fig-0004){ref-type="fig"}). This is in accord with the EPR spectra measured for Cu([l]{.smallcaps}‐Asn)~2~, which indicated that both *cis* and *trans* isomers with the CuN~2~O~2~ chromophore were in equilibrium in aqueous solution.[44](#open201900159-bib-0044){ref-type="ref"}, [45](#open201900159-bib-0045){ref-type="ref"} Specifically, Δ*V* between the lowest‐energy tNONO and cNONO conformers dropped from 35.0 kJ mol^−1^ (Δ*V* ~vacuum~) to 4.4 kJ mol^−1^ (Δ*V* ~water~). This seems to be a common characteristic for *trans* and *cis* glycinato‐mode Cu(aa)~2~ conformers, that they have similar stability in aqueous solution at room temperature[18](#open201900159-bib-0018){ref-type="ref"}, [19](#open201900159-bib-0019){ref-type="ref"}, [57](#open201900159-bib-0057){ref-type="ref"}, [58](#open201900159-bib-0058){ref-type="ref"}, [59](#open201900159-bib-0059){ref-type="ref"}, [60](#open201900159-bib-0060){ref-type="ref"}, [61](#open201900159-bib-0061){ref-type="ref"} while the *trans* conformers are more stable as isolated compounds.[17](#open201900159-bib-0017){ref-type="ref"}, [18](#open201900159-bib-0018){ref-type="ref"}, [19](#open201900159-bib-0019){ref-type="ref"}, [58](#open201900159-bib-0058){ref-type="ref"}, [59](#open201900159-bib-0059){ref-type="ref"}, [60](#open201900159-bib-0060){ref-type="ref"}, [61](#open201900159-bib-0061){ref-type="ref"}, [62](#open201900159-bib-0062){ref-type="ref"}, [63](#open201900159-bib-0063){ref-type="ref"}

Comparison of relative electronic energies (Δ*V*) for the lowest‐energy conformers in each of the in‐plane modes in the gas phase and PCM‐estimated aqueous solution (Figure [5](#open201900159-fig-0005){ref-type="fig"}) shows that Δ*V* are much lower by PCM than in the gas phase for the conformers in the No and Nn modes. For the On and Oo conformers with seven‐member chelate rings, similar Δ*V* values were obtained in both environments (Figure [5](#open201900159-fig-0005){ref-type="fig"}). Although the NONo conformers are highly unfavorable in the gas phase (Figures S9 and 5), the Δ*V* values of the most stable aqueous NONo conformers were significantly lowered (by 47.5 kJ mol^−1^) and became comparable to the energies of the NONO conformers (Figures [4](#open201900159-fig-0004){ref-type="fig"} and [5](#open201900159-fig-0005){ref-type="fig"}). The energy drop suggests that the No conformers can form favorable intermolecular interactions with the solvent. In turn, the intermolecular interactions stabilize the lowest‐energy NONo aqueous conformers with apically coordinated carboxylate O atom(s) (Figure S11; Table [5](#open201900159-tbl-0005){ref-type="table"}). Such an axial coordination was achieved in only one NONo conformer in the gas phase (Table [5](#open201900159-tbl-0005){ref-type="table"}), for cNONo1 (Figure S1), in which an inter‐ligand C^β^−H⋅⋅⋅O interaction is formed. A similar result was obtained by the B3LYP calculations of isolated and aqueous Cu([l]{.smallcaps}‐His)~2~,[17](#open201900159-bib-0017){ref-type="ref"}, [54](#open201900159-bib-0054){ref-type="ref"} and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Thr) conformers,[19](#open201900159-bib-0019){ref-type="ref"} that the axial coordination of carboxylato O atom(s) can be stabilized only by intramolecular and/or intermolecular noncovalent interactions.

Hence, in the PCM energy landscape (Figure [4](#open201900159-fig-0004){ref-type="fig"}), only NONO and NONo conformers are present within a relatively large Δ*V* ~water~ range from 0.0 to 45.0 kJ mol^−1^. Thus, it may be assumed that the conformers solely in these modes are in equilibrium in aqueous solution at room temperature. An evaluation of their statistical weights using Equation (1) (see Computational Methods) indicates that 16 NONO conformers (Table [3](#open201900159-tbl-0003){ref-type="table"}) with the lowest *G* ~water~ cover the population of 94.7 %. The evaluation gave very small chances of 0.01 % for the population of the most stable NONo conformers tNONow1 and tNONow2 (Figure S11). The dominance of the NONO conformers supports the supposition based on experimental evidences[38](#open201900159-bib-0038){ref-type="ref"}, [39](#open201900159-bib-0039){ref-type="ref"}, [41](#open201900159-bib-0041){ref-type="ref"} that the prevailing Cu([l]{.smallcaps}‐Asn)~2~ species in aqueous solutions at physiological pH is in glycinato mode.

***Energy Landscapes of Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn)***. The energy landscapes of the isolated and aqueous ternary complex are presented in Figures S10 and 6, respectively. Again, the glycinato‐type conformers are the most stable in the gas phase (Figure S10). Generally, *trans* conformers in all modes except HN were more stable than the *cis* ones in the gas phase. In aqueous solution, not only the cGN but also the cHN and tHN conformers can have comparable stability with the tGN ones (Figure [6](#open201900159-fig-0006){ref-type="fig"}).

![Relative DFT/B3LYP electronic energies, Δ*V* ~water~, calculated in simulated aqueous environment using PCM for the Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) conformers. The electronic energy of tGNw1 (Figure [3](#open201900159-fig-0003){ref-type="fig"}) is the reference value (Table S82).](OPEN-8-852-g006){#open201900159-fig-0006}

The DFT/B3LYP conformational analysis of Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) in aqueous solution resulted in a considerable number of lower‐energy conformers (Figure [7](#open201900159-fig-0007){ref-type="fig"}) as 57 conformers in different coordination modes have Δ*G* ~water~≤10.0 kJ mol^−1^ (28 tGN, 11 cGN, 3 tHN, 6 cHN, 3 tIN, 6 tGNp). By assuming that the aqueous conformers are in equilibrium at 298.15 K, the statistical weights, *w* (Equation (1) in the Computational Methods section), for each of the PCM‐calculated Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) conformers were computed to evaluate their possible population in aqueous solution. The *w* calculations yielded 24 conformers with the population from 12.6 to 1.0 % (Table [4](#open201900159-tbl-0004){ref-type="table"}) corresponding to the span of Δ*G* ~water~ from 0.0 to 6.4 kJ mol^−1^, and covering 75.4 % of overall population. 194 conformers had a population from 0.01 to 0.90 %, and 443 conformers had no population. A similar computational outcome was obtained for Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Thr).[19](#open201900159-bib-0019){ref-type="ref"}

![Relative DFT/B3LYP Gibbs free energies, Δ*G* ~water~, calculated in simulated aqueous environment using PCM, of the lower‐energy Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) conformers. The Gibbs free energy of tGNw1 is the reference value (Table S82).](OPEN-8-852-g007){#open201900159-fig-0007}

Among the 24 lower‐energy minima (Table [4](#open201900159-tbl-0004){ref-type="table"}) are the conformers in the tGN, cHN, cGN, tHN, and tIN modes. The statistical weights of the most stable aqueous conformers in other modes are 0.2 % (cINw3), 0.8 % (tGNpw7), and 0.2 % (cGNpw2). The B3LYP‐calculated weighted Δ*G* ~water~ averages (Table [4](#open201900159-tbl-0004){ref-type="table"}), evaluated separately for each group of Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) conformers with the same coordination mode, gave the following ranking of thermodynamic stability: tGN≈cHN\>cGN≈tHN\>tIN\>tGNp\>cIN\>cGNp. The same ranking regarding the [l]{.smallcaps}‐His mode was obtained for the Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Thr) aqueous conformers.[19](#open201900159-bib-0019){ref-type="ref"} The statistical evaluation yielded the \<Δ*G* ~water~\> values for all coordination modes within 15 kJ mol^−1^ (Table [4](#open201900159-tbl-0004){ref-type="table"}), similarly as for the individual Δ*G* ~water~ values (Tables S82--S89).

Hence, the PCM prediction is that the conformers with both amino acids in the glycinato mode in Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) are among the most stable ones in aqueous solution. The same B3LYP outcome was obtained for Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Thr).[19](#open201900159-bib-0019){ref-type="ref"} The predictions are in accord with the experimental absorption and circular dichroism (CD) spectra measured at pH 7--8 for ternary copper(II)‐[l]{.smallcaps}‐His‐amino acid complexes.[32](#open201900159-bib-0032){ref-type="ref"} For these complexes, the amino acids with polar side chains, and those that can form only the glycinato‐type coordination, exhibited almost invariably the absorption peaks at 610--620 nm in the visible region and positive CD maxima at 620--630 nm, which suggested the same coordinating groups in the Cu^II^ coordination plane.[32](#open201900159-bib-0032){ref-type="ref"}

For Cu([l]{.smallcaps}‐His)~2~, the experimental studies at physiological pH[8](#open201900159-bib-0008){ref-type="ref"}, [64](#open201900159-bib-0064){ref-type="ref"}, [65](#open201900159-bib-0065){ref-type="ref"} as well as the computational studies with explicit water molecules[17](#open201900159-bib-0017){ref-type="ref"}, [54](#open201900159-bib-0054){ref-type="ref"} suggested an equilibrium of a histamine‐histamine (HH) and a histamine‐glycine (HG) bonding type in a *cis*‐configuration with carboxylato O atom(s) in the axial position(s), while a glycine‐glycine mode was considered improbable. Such a fluctuating type of coordination could be maintained by changing a local water molecule environment around Cu([l]{.smallcaps}‐His)~2~, as suggested by the DFT calculations.[17](#open201900159-bib-0017){ref-type="ref"} The tNONow3 minimum of Cu([l]{.smallcaps}‐Asn)~2~ (Figure S11) demonstrates a coordination similar to the HH one; it has two carboxylate O atoms in the axial positions and the No‐mode chelate ring which is six‐membered like in the *cis*‐HH Cu([l]{.smallcaps}‐His)~2~ aqueous structure. Accordingly, we examined whether a *cis*‐HNo structure of Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) with two six‐member chelate rings and two Cu−O apical bonds could be favorable in aqueous solution as it is for *cis*‐HH. Yet, the structure is unstable by B3LYP, since its geometry optimization by using PCM transformed it to the already known six‐coordinate tINw6 (Figure S11). Specifically, in the PCM geometry optimization, the O atoms adopted closer equatorial positions, while N~am~ and O~ad~ moved to the farther apical positions. These DFT/B3LYP results additionally support experimental outcomes[32](#open201900159-bib-0032){ref-type="ref"}, [40](#open201900159-bib-0040){ref-type="ref"}, [46](#open201900159-bib-0046){ref-type="ref"} on the glycinato in‐plane mode of [l]{.smallcaps}‐Asn in Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn).

***Apical Cu--donor distances***. Baxter and Williams suggested the type of bonding of the [l]{.smallcaps}‐Thr, [l]{.smallcaps}‐Asn, and [l]{.smallcaps}‐His ligands in the ternary copper(II) complexes in aqueous solution, whether it is bi‐ or tridentate to copper(II) on the basis of thermodynamic parameters (that reflect the bond strengths, ring strains, and configurations) for forming the parent binary and ternary complexes.[40](#open201900159-bib-0040){ref-type="ref"} The values of enthalpy and entropy changes suggested [l]{.smallcaps}‐Thr to be bidentate, [l]{.smallcaps}‐His to be tridentate, and [l]{.smallcaps}‐Asn to be a mixture of bi‐ and tridentate.[40](#open201900159-bib-0040){ref-type="ref"} Indeed, in the previously predicted set of lower‐energy aqueous conformers of Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Thr) (with DFT/B3LYP Δ*G* ~water~ up to 10 kJ mol^−1^), [l]{.smallcaps}‐Thr was bidentate and [l]{.smallcaps}‐His was tridentate (apical Cu−N~im~ and Cu−O bonds were formed).[19](#open201900159-bib-0019){ref-type="ref"} For Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn), Baxter and Williams proposed a structure with an H‐mode and an axially coordinated O atom for [l]{.smallcaps}‐His, the glycinato mode for [l]{.smallcaps}‐Asn, and tentatively gave an advantage to N~ad~ over O~ad~ for a transient coordination in an extended axial position.[40](#open201900159-bib-0040){ref-type="ref"} To examine the supposition, we analyzed the apical Cu‐donor coordinative bonding in Cu([l]{.smallcaps}‐Asn)~2~ and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) with emphasis on such bonding in lower‐energy PCM minima (Table [5](#open201900159-tbl-0005){ref-type="table"}).

Generally, in the experimental studies in solutions, the tridentate nature of [l]{.smallcaps}‐His was exclusively supposed to be in the H mode with an axially placed O in the ternary copper(II) amino acid complexes.[8](#open201900159-bib-0008){ref-type="ref"}, [32](#open201900159-bib-0032){ref-type="ref"}, [40](#open201900159-bib-0040){ref-type="ref"}, [46](#open201900159-bib-0046){ref-type="ref"} Such an [l]{.smallcaps}‐His coordination was observed in the X‐ray crystal structures of Cu([l]{.smallcaps}‐His)~2~,[66](#open201900159-bib-0066){ref-type="ref"} Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Thr),[67](#open201900159-bib-0067){ref-type="ref"} and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn).[37](#open201900159-bib-0037){ref-type="ref"} However, as [l]{.smallcaps}‐His has three donor groups which may be placed in a unique axial position, two more tridentate binding modes can exist as follows: with apical N~im~ in the GN and GNp conformers, and apical N~am~ in the IN conformers (Table [5](#open201900159-tbl-0005){ref-type="table"}). All three axial coordination types were obtained by the B3LYP conformational analysis of aqueous Cu([l]{.smallcaps}‐His)~2~ [17](#open201900159-bib-0017){ref-type="ref"} and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Thr).[19](#open201900159-bib-0019){ref-type="ref"}

For Cu([l]{.smallcaps}‐Asn)~2~ and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn), compared to the corresponding apical Cu--donor bonds in the gas phase, they are much more numerous in aqueous solution when O and O~ad~ are the donors (Table [5](#open201900159-tbl-0005){ref-type="table"}). The B3LYP‐estimated result is that O~ad~ but not N~ad~ adopted an axial position in the PCM lower‐energy minima (Table [5](#open201900159-tbl-0005){ref-type="table"}). There are only three cases of the Cu−O apical bonding in the gas phase (Table [5](#open201900159-tbl-0005){ref-type="table"}). They are established with the help of inter‐residual noncovalent bonding, that is, by a C^β^−H⋅⋅⋅O bonding in the already mentioned cNONo1 as well as in cHN1 (Figure S6), and by an N~ad~−H⋅⋅⋅O bond in cHN6.

The six‐coordinate cases with two longer apical bonds are also seldom, as follows: in cGNw6 (Cu−N~im~ and Cu−O~ad~), tINw6 (Cu−N~am~ and Cu−O~ad~), and tHNw6 (Cu−O and Cu−O~ad~). In the simulated aqueous system, these are the minima whose Δ*G* ~water~ is in the 11.5--14.3 kJ mol^−1^ range, and the population is from 0.12 % to 0.04 %. In the gas phase, only one six‐coordinate Cu([l]{.smallcaps}‐Asn)~2~ conformer resulted in cNONO17 with two Cu−N~ad~ longer apical bonds. Two hexa‐coordinated conformers were obtained for aqueous Cu([l]{.smallcaps}‐Asn)~2~: tNONow3 (Cu−O and Cu−O~ad~, Figure S11) and cNONOw8 (two Cu−O~ad~; Δ*G* ~water~=14.3 kJ mol^−1^, 0.08 % population).

Hence, all PCM lower‐energy minima (within 10 kJ mol^−1^ of Δ*G* ~water~) with an apical intramolecular interaction are a tridentate‐bidentate combination. Among 21 Cu([l]{.smallcaps}‐Asn)~2~ lower‐energy minima, five have a Cu−O~ad~ apical interaction (tNONOw2, tNONOw4, tNONOw6, cNONOw1, and cNONOw5; they are listed in Table [3](#open201900159-tbl-0003){ref-type="table"}, and comprise 22.8 % of the population). Among 57 Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) lower‐energy conformers (Figure [7](#open201900159-fig-0007){ref-type="fig"}), 18 have a tridentate [l]{.smallcaps}‐His, and 7 have a tridentate [l]{.smallcaps}‐Asn.

Specifically, among the 24 lower‐energy Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) conformers (Table [4](#open201900159-tbl-0004){ref-type="table"}), 13 have an apical bonding in the [l]{.smallcaps}‐His ligand (O, N~im~ and N~am~ are placed axially in 5 HN, 7 GN, and 1 tIN conformers, respectively), and 1 has the apical Cu−O~ad~ interaction (tGNw13). These 14 conformers make 43 %, and the other 10 bidentate conformers contribute 30 % to the population in the simulated aqueous system.

In the PCM equilibrium structures of the bidentate‐tridentate conformers with one explicit water molecule, tNONOw2_a⋅H~2~O and cHNw4_a⋅H~2~O (Figure S8), the water molecule (initially at the apical position prior the geometry optimization) positioned equatorially and axially to Cu^II^, respectively, but did not disturb the intramolecular apical coordination.

Thus, the presented results support the experimental conclusions[32](#open201900159-bib-0032){ref-type="ref"}, [40](#open201900159-bib-0040){ref-type="ref"}, [41](#open201900159-bib-0041){ref-type="ref"} on a possible prevalence of tridentate [l]{.smallcaps}‐His and a combination of bi‐ and tridentate [l]{.smallcaps}‐Asn in Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) and Cu([l]{.smallcaps}‐Asn)~2~. Apart from that, they give new insights into the tridentate copper(II) binding in aqueous solution by detailing the exact structures, coordination modes and apically coordinated atoms.

***Intramolecular hydrogen bonds***. Yamauchi et al. stated an interesting hypothesis that the inter‐ligand noncovalent interactions between the polar groups of [l]{.smallcaps}‐Thr, [l]{.smallcaps}‐Asn or [l]{.smallcaps}‐Gln with [l]{.smallcaps}‐His may be a factor governing the preferential formation of a ternary copper(II) complex in aqueous solutions.[32](#open201900159-bib-0032){ref-type="ref"} They assumed that the interaction is formed between an apical O of [l]{.smallcaps}‐His in the H‐mode and the amido or the hydroxyl group.

The previously reported analysis of the hydrogen bonds in the DFT/B3LYP gas‐phase and aqueous conformers of Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Thr) showed that, although a specific conformer suggested by Yamauchi et al. was among the lower‐energy conformers, generally, the intermolecular interactions between the complex and water molecules did not promote the formation of inter‐residual hydrogen bonding.[19](#open201900159-bib-0019){ref-type="ref"} Instead, these interactions stabilized the conformers with intra‐residual hydrogen bonds. To examine if the same conclusions are valid for the [l]{.smallcaps}‐Asn copper(II) complexes, the hydrogen bonds formed in Cu([l]{.smallcaps}‐Asn)~2~ and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) in the gas phase and aqueous solution are analyzed (Tables S93--S95).

Like for Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Thr),[19](#open201900159-bib-0019){ref-type="ref"} the distribution of intramolecular hydrogen bonds presented in Tables S93−S95 reveals a more pronounced abundance of intra‐ than inter‐residual hydrogen bonds. The conformers with the inter‐residual hydrogen bonds are rare; examples are tNONO1 (Figure [1](#open201900159-fig-0001){ref-type="fig"}) and cHNw1 (Figure [3](#open201900159-fig-0003){ref-type="fig"}). The Cu([l]{.smallcaps}‐Asn)~2~ conformers with inter‐ligand bonding are not among the lower‐energy ones, but cHNw1, that corresponds to the structure proposed by Yamauchi et al.,[32](#open201900159-bib-0032){ref-type="ref"} is the only such Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) lower‐energy conformer. The most common intra‐ligand hydrogen bond is N~am~−H⋅⋅⋅O~ad~ in both environments (Tables S93--S95). Interestingly, this is the hydrogen bond of inter‐residual type that occurs in the Asx turn in proteins.[68](#open201900159-bib-0068){ref-type="ref"} However, in view of the larger number of aqueous than gas‐phase conformers, another possible [l]{.smallcaps}‐Asn intra‐residual hydrogen bond, N~ad~−H⋅⋅⋅O~c~, may be considered to be less frequent in aqueous solution than in the gas phase (Tables S93--S95). The intra‐ligand hydrogen bonds were equally formed in the PCM structures of aqueous conformers without and with one and two explicit water molecules (Figure S8).

Although Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) has one more donor for hydrogen bonding than Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Thr),[19](#open201900159-bib-0019){ref-type="ref"} the difference between the numbers of hydrogen bonds realized in the gas phase and aqueous medium is less substantial for the former than for the latter ternary complex. Regarding the [l]{.smallcaps}‐His ligand, N~am~−H⋅⋅⋅N~im~ is the most often formed hydrogen bond in the glycinato‐mode conformers (Table S95) of both ternary complexes. But, regarding the [l]{.smallcaps}‐Asn conformations, it seems that their stability in the title complexes is directed by forming N~am~−H⋅⋅⋅O~ad~ in the first place, and then by intermolecular interactions of −N~ad~H~2~ with water molecules. It appears that the conformational flexibility is not so pronounced for the [l]{.smallcaps}‐His ternary complex with [l]{.smallcaps}‐Asn as for the complex with [l]{.smallcaps}‐Thr[19](#open201900159-bib-0019){ref-type="ref"}.

The supposition can be connected with the numbers of glycinato‐mode conformers of the parent and ternary complexes. The gas‐phase conformational analysis of Cu([l]{.smallcaps}‐His)~2~ resulted in 15 *trans* and 22 *cis* glycinato‐mode conformers.[17](#open201900159-bib-0017){ref-type="ref"} By comparing the numbers of glycinato‐mode conformers of Cu([l]{.smallcaps}‐Thr)~2~ [18](#open201900159-bib-0018){ref-type="ref"} and Cu([l]{.smallcaps}‐Asn)~2~ in the gas phase, they are similar, 35 *trans* and 22 *cis* for the former, and 31 *trans* and 17 *cis* for the latter complex. In their ternary complexes with [l]{.smallcaps}‐His, the number of glycinato‐mode conformers increased for both in the gas phase \[50 *trans* and 52 *cis* for Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Thr),[19](#open201900159-bib-0019){ref-type="ref"} and 69 *trans* and 63 *cis* of Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn)\]. These results indicate the smaller steric hindrance in the ternary than in the parent binary complexes. Conversely to the gas phase, in aqueous solution, the total number of Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Thr) conformers (158 *trans* and 153 *cis*)[19](#open201900159-bib-0019){ref-type="ref"} is considerably larger than of the Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) ones (127 *trans* and 122 *cis*) as well as the number of conformers with Δ*G* ~water~≤10.0 kJ mol^−1^ (80 vs. 57 for the [l]{.smallcaps}‐Thr[19](#open201900159-bib-0019){ref-type="ref"} and [l]{.smallcaps}‐Asn ternary complexes, respectively). The larger number of PCM structures suggests that the [l]{.smallcaps}‐Thr side‐chain hydroxyl group has a better adaptability than the [l]{.smallcaps}‐Asn amido group to the local aqueous surroundings.

2.4. The DFT/B3LYP Reproduction of the Experimental X‐Ray Molecular Structures {#open201900159-sec-0006}
------------------------------------------------------------------------------

In addition to the approach described above, the experimental X‐ray crystal structures of Cu([l]{.smallcaps}‐Asn)~2~,[36](#open201900159-bib-0036){ref-type="ref"} Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn),[37](#open201900159-bib-0037){ref-type="ref"} and \[Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn)(H~2~O)⋅3H~2~O\][37](#open201900159-bib-0037){ref-type="ref"} were used as the starting coordinates for geometry optimizations in the gas phase and in aqueous surroundings using PCM. The superposition of the resulting calculated and experimental structures is illustrated in Figures [8](#open201900159-fig-0008){ref-type="fig"}--10. The comparison between the gas‐phase equilibrium geometries and the X‐ray molecular structures could point to an impact of intermolecular interactions on the molecular geometry. Besides, the superposition of the PCM‐estimated and crystalline geometries examines whether noncovalent interactions modeled by PCM can cause the same effect on the geometry changes as the crystal lattice does.

![Superposition of the Cu([l]{.smallcaps}‐Asn)~2~ structures with respect to each chelate ring. The experimental X‐ray molecular structure[36](#open201900159-bib-0036){ref-type="ref"} is denoted light blue, and the B3LYP estimated gas‐phase and PCM aqueous equilibrium structures are orange and brown, respectively.](OPEN-8-852-g008){#open201900159-fig-0008}

***Cu([l]{.smallcaps}‐Asn)*** ~***2***~. The coordination mode in the X‐ray crystal structure is *trans*‐NONO.[36](#open201900159-bib-0036){ref-type="ref"} The compound has the side chains in an axial and an equatorial position with respect to the chelate rings, and N~am~−C^α^−C^β^−C~ad~≈−60°. In the crystal lattice, the copper(II) atom has two O~ad~ atoms from adjacent complexes in the axial positions at 2.229(4) and 2.885(4) Å, and the pyramidal distortion of the coordination polyhedron.[36](#open201900159-bib-0036){ref-type="ref"}

The superposition between the DFT equilibrium geometries and the experimental structure with respect to each of the chelate rings shows a good fit between the compared geometries (Figure [8](#open201900159-fig-0008){ref-type="fig"}). This indicates that the differences between the structures are mainly due to the copper(II) coordination polyhedron shape, which is much more distorted from planarity in the X‐ray crystal structure than in the calculated ones. The result is in accord with previous comparisons between the crystalline and gas‐phase geometries of Cu(aa)~2~ that strain due to the crystal lattice effects can be alleviated by distortion of the copper(II) coordination geometry from planarity.[56](#open201900159-bib-0056){ref-type="ref"} The crystalline conformation corresponds to the B3LYP axial‐equatorial conformer named tNONO13 in the gas phase, and tNONOw8 in aqueous solution (Tables S2 and S39, respectively). The relative electronic energy of the conformer dropped from 25.3 kJ mol^−1^ in the gas phase to 6.1 kJ mol^−1^ in aqueous solution.

***Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn)***. In the anhydrous and aqua Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) crystals,[37](#open201900159-bib-0037){ref-type="ref"} the coordination mode is *cis*‐HN with an apically coordinated [l]{.smallcaps}‐His O atom.

The asymmetric unit of the X‐ray crystal structure of anhydrous Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn)[37](#open201900159-bib-0037){ref-type="ref"} contains two conformers (named A and B) with the [l]{.smallcaps}‐Asn side chain in an equatorial position, but with the amido group differently oriented. Specifically, N~am~−C^α^−C^β^−C~ad~≈60° in both structures, and C^α^−C^β^−C~ad~−O~ad~ equals −20.4° and −52.9° in A and B, respectively.

B3LYP geometry optimizations for isolated molecules and by using PCM, started from structures A and B, resulted in the same corresponding minima (Figure [9](#open201900159-fig-0009){ref-type="fig"}). They are tIN1 (C^α^−C^β^−C~ad~−O~ad~=−76.1°; Figure S6) and cHNw2 (C^α^−C^β^−C~ad~−O~ad~=−27.1°, Figure S7). The PCM structure retains the crystalline *cis*‐HN mode while the gas‐phase one is different (tIN). cHNw2 belongs to the group of lower‐energy PCM minima (Δ*G* ~water~=3.1 kJ mol^−1^). Its geometry is between the A and B ones, i. e., it shows better agreement with the experimental [l]{.smallcaps}‐His ligand in B than A, while [l]{.smallcaps}‐Asn part is better matched with A than B (Figure [9](#open201900159-fig-0009){ref-type="fig"}).

![Superposition of the Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) structures for anhydrous conformers A and B from the X‐ray crystal asymmetric unit.[37](#open201900159-bib-0037){ref-type="ref"} The experimental molecular structures are marked light blue, while the B3LYP gas‐phase and PCM aqueous structures are orange and brown, respectively.](OPEN-8-852-g009){#open201900159-fig-0009}

The Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) geometry from the X‐ray crystal structure of \[Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn)(H~2~O)⋅3H~2~O\][37](#open201900159-bib-0037){ref-type="ref"} has the [l]{.smallcaps}‐Asn side chain in an equatorial position (N~am~−C^α^−C^β^−C~ad~≈−60°, C^α^−C^β^−C~ad~−O~ad~=−17.6°). It was optimized with and without 4 H~2~O (Figure [10](#open201900159-fig-0010){ref-type="fig"}). In the crystal structure,[37](#open201900159-bib-0037){ref-type="ref"} the amido‐group atoms form hydrogen bonds with surrounding water molecules, and an intermolecular N~ad~−H⋅⋅⋅O~c,His~ bond as well. During the \[Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn)(H~2~O)⋅3H~2~O\] geometry optimization, the complex retained its initial *cis*‐HN mode both in the gas phase and in aqueous environment. Without 4 H~2~O, the gas‐phase geometry optimization again yielded the coordination‐mode change to *trans*‐IN (tIN5, Figure S6, Table S78). By using PCM, the starting structure, either with or without 4 H~2~O, converged to cHNw4 (C^α^−C^β^−C~ad~−O~ad~=6.4°, Table S89), which fits well with the experimental crystalline structure (Figure [10](#open201900159-fig-0010){ref-type="fig"}). The deviation in the C^α^−C^β^−C~ad~−O~ad~ angle may be attributed to the amido‐group flexibility to accommodate the most efficient crystal packing. The cHNw4 conformer is the most stable one of the HN‐mode conformers regarding the Gibbs free energy (Figure [3](#open201900159-fig-0003){ref-type="fig"}).

![Superposition of the Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) (left) and \[Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn)(H~2~O)⋅3H~2~O\] structures (right). The experimental X‐ray molecular structure[37](#open201900159-bib-0037){ref-type="ref"} is light blue, and the B3LYP gas‐phase and PCM aqueous ones are orange and brown, respectively.](OPEN-8-852-g010){#open201900159-fig-0010}

To sum up, all of the PCM structures obtained when starting from the crystal structures show quite good reproduction of the experimental crystalline molecular structures. This identification shows that the experimental structures are the conformers belonging to the groups of B3LYP‐estimated lower‐energy aqueous minima (tNONOw8 in Table [3](#open201900159-tbl-0003){ref-type="table"}; cHNw2 and cHNw4 in Table [4](#open201900159-tbl-0004){ref-type="table"}). This suggests that B3LYP and PCM can satisfactorily model the impact of noncovalent interaction on the geometry changes in the studied systems.

2.5. DFT/B3LYP Prediction of *g‐*Factor and HFCC *A* Values {#open201900159-sec-0007}
-----------------------------------------------------------

The DFT/B3LYP **g** tensor and HFCC **A** tensor were calculated for selected conformers of Cu([l]{.smallcaps}‐Asn)~2~ and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) with various combinations of the in‐plane and apical donor atoms to examine their influence on the magnetic parameters. The calculated isotropic *g* ~iso~ and the most variable *g* ~z~ component of the **g** tensor, HFCC of the ^63^Cu (*A* ^Cu^) and ^14^N (*A* ^N^) centers were compared with their values obtained from the EPR spectra measured in aqueous solutions (Table [6](#open201900159-tbl-0006){ref-type="table"}).

###### 

DFT/B3LYP magnetic parameters, *g* ~iso~, *g* ~z~, and HFCC *A* ~*i*so~ (MHz), *A* ~x~ (MHz), *A* ~y~ (MHz), *A* ~z~ (MHz) of the ^63^Cu and coordinating ^14^N centers calculated in implicitly modeled aqueous solution for denoted conformers of Cu([l]{.smallcaps}‐Asn)~2~ with CuN~2~O~2~ equatorial coordination, and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) without and with up to two explicit water molecules.^\[a\]^

  Structure                                             *g* ~iso~   *g* ~zz~   *A* ^Cu^ ~iso~   *A* ^Cu^ ~x~   *A* ^Cu^ ~y~   *A* ^Cu^ ~z~   *A* ^N^ ~iso~                               apical donor atom(s)
  ----------------------------------------------------- ----------- ---------- ---------------- -------------- -------------- -------------- ------------------------------------------- ----------------------
  Cu([l]{.smallcaps}‐Asn)~2~ ^\[b\]^                                                                                                                                                     
  tNONOw1                                               2.078       2.148      −242.2           −42.4          −59.3          −624.9         29.9 (N~am~), 30.1 (N~am~′)                 ‐
  tNONOw1_a1⋅H~2~O                                      2.089       2.165      −203.1           −1.8           −11.1          −596.3         28.7 (N~am~), 29.7 (N~am~′)                 O~water~
  tNONOw1_a2⋅H~2~O                                      2.088       2.164      −201.9           −2.2           −8.6           −595.1         28.6 (N~am~), 29.6 (N~am~′)                 O~water~
  tNONOw1_b⋅2H~2~O                                      2.096       2.176      −180.7           20.3           21.0           −583.4         28.5 (N~am~), 27.7 (N~am~′)                 2 O~water~
  tNONOw1_b                                             2.081       2.154      −236.4           −39.8          −55.7          −613.7         29.2 (N~am~), 28.8 (N~am~′)                 ‐
  tNONOw2                                               2.090       2.166      −198.1           6.1            −8.9           −591.5         28.2 (N~am~), 29.6 (N~am~′)                 O~ad~
  tNONOw2_a⋅H~2~O                                       2.090       2.167      −183.6           −8.8           33.5           −575.5         27.3 (N~am~), 28.9 (N~am~′)                 O~ad~
  tNONOw2_a                                             2.090       2.167      −191.6           −12.4          21.0           −583.4         27.4 (N~am~), 28.9 (N~am~′)                 O~ad~
  tNONOw6                                               2.090       2.166      −199.2           5.4            −10.5          −592.5         28.6 (N~am~), 29.8 (N~am~′)                 O~ad~
  tNONOw10                                              2.078       2.148      −243.1           −42.8          −60.6          −626.0         30.7 (N~am~), 30.7 (N~am~′)                 ‐
  cNONOw1                                               2.091       2.168      −205.1           −7.2           −10.5          −597.6         31.8 (N~am~), 32.3 (N~am~′)                 O~ad~
  cNONOw2                                               2.078       2.149      −245.2           −54.5          −54.9          −626.3         33.7 (N~am~), 33.7 (N~am~′)                 ‐
  cNONOw2_a⋅H~2~O                                       2.089       2.166      −203.6           −1.4           −13.1          −596.2         32.2 (N~am~), 32.2 (N~am~′)                 O~water~
  cNONOw2_b⋅2H~2~O                                      2.096       2.176      −185.0           13.8           17.5           −586.3         31.1 (N~am~), 31.0 (N~am~′)                 2 O~water~
  cNONOw2_b                                             2.082       2.155      −240.7           −52.1          −52.8          --617.2        32.4 (N~am~), 32.7 (N~am~′)                 ‐
  cNONOw6                                               2.078       2.149      −245.2           −54.3          −55.1          −626.2         33.8 (N~am~), 34.1 (N~am~′)                 ‐
  tNONOw43                                              2.082       2.155      −230.8           −30.6          −44.5          −617.5         29.4 (N~am~), 30.7 (N~am~′)                 N~ad~
  tNONow1                                               2.098       2.179      −97.3            15.8           171.3          −480.5         27.0 (N~am~), 26.8 (N~am~′)                 O
  tNONow2                                               2.099       2.180      −98.8            10.5           176.7          −481.7         27.2 (N~am~), 27.2 (N~am~′)                 O
  tNONow3                                               2.108       2.193      −68.5            41.8           211.9          −459.3         26.4 (N~am~), 26.7 (N~am~′)                 O; O~ad~
  cNONow1                                               2.100       2.179      −96.2            −8.5           185.6          −465.8         28.5 (N~am~), 36.0 (N~am~′)                 O
  Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn)^\[c\]^                                                                                                                                    
  tGNw1                                                 2.095       2.175      −172.5           9.7            39.3           −566.7         28.0 (N~am~), 29.1 (N~am~′)                 N~im~
  tGNw1_a⋅H~2~O                                         2.097       2.177      −155.4           9.6            70.4           −546.3         27.7 (N~am~), 28.4 (N~am~′)                 N~im~
  tGNw1_a                                               2.097       2.177      −159.8           9.1            62.5           −551.0         27.8 (N~am~), 28.6 (N~am~′)                 N~im~
  tGNw3                                                 2.075       2.144      −249.7           −47.8          −75.8          −625.6         32.2 (N~am~), 31.6 (N~am~′)                 ‐
  tGNw3_a1⋅H~2~O                                        2.089       2.165      −202.1           −2.1           −8.2           −595.9         29.1 (N~am~), 29.1 (N~am~′)                 O~water~
  tGNw3_a2⋅H~2~O                                        2.088       2.164      −201.9           −1.5           −9.3           −594.8         28.4 (N~am~), 28.4 (N~am~′)                 O~water~
  tGNw3_b⋅2H~2~O                                        2.093       2.170      −167.1           −9.5           67.3           −559.1         28.2 (N~am~), 28.3 (N~am~′)                 O~water~
  tGNw3_b                                               2.083       2.157      −219.7           −24.2          −40.8          −594.2         28.5 (N~am~), 27.2 (N~am~′)                 ‐
  cGNw3                                                 2.097       2.177      −178.5           4.8            30.8           −571.0         31.7 (N~am~), 32.2 (N~am~′)                 N~im~
  cGNw5                                                 2.091       2.168      −205.6           −7.3           −11.5          −598.1         31.9 (N~am~), 32.0 (N~am~′)                 O~ad~
  cHNw1                                                 2.091       2.167      −187.5           −18.2          37.6           −582.0         30.2 (N~am~), 39.8 (N~im~), 33.3 (N~am~′)   O~His~
  cHNw4                                                 2.091       2.166      −185.8           10.4           14.3           −582.1         32.6 (N~am~), 38.1 (N~im~), 33.6 (N~am~′)   O~His~
  cHNw4_a⋅H~2~O                                         2.097       2.175      −170.2           23.7           39.9           −574.3         31.4 (N~am~), 37.0 (N~im~), 32.8 (N~am~′)   O~His~; O~water~
  cHNw4_a                                               2.089       2.165      −199.4           1.4            −8.8           −590.7         32.6 (N~am~), 38.0 (N~im~), 33.6 (N~am~′)   O~His~
  tHNw1                                                 2.092       2.168      −166.5           −12.4          71.9           −559.1         31.3 (N~am~), 37.4 (N~im~), 30.3 (N~am~′)   O~His~
  tINw1                                                 2.100       2.184      −163.0           11.8           52.5           −553.2         33.7 (N~im~), 31.7 (N~am~′)                 N~am,His~
  cINw1                                                 2.101       2.186      −164.7           18.1           41.3           −553.6         36.7 (N~im~), 33.3 (N~am~′)                 N~am,His~

\[a\] The conformers in the equilibrium structures with one or two explicit water molecules have letter "a" (one H~2~O) or "b" (two H~2~O) in the name (Figure S8). Their magnetic parameters were obtained by the single point calculations on these equilibrium structures as well as on the \_a and \_b conformers taken from the equilibrium structures without accounting the explicit water molecule(s). \[b\] Experimental *g*‐factor and HFCC *A* values from the EPR spectra measured at pH ≈ 7 at *(i)* room temperature in aqueous solution:[45](#open201900159-bib-0045){ref-type="ref"} \|*A* ^Cu^ ~iso~\|=199 MHz and *A* ^N^ ~iso~=28.3 MHz for one isomer, and \|*A* ^Cu^ ~iso~\|=165 MHz and *A* ^N^ ~iso~=25.5 MHz for other isomer (assigned tentatively to *trans* and *cis*, respectively) and *(ii)* at 77 K in frozen solution:[47](#open201900159-bib-0047){ref-type="ref"} *g* ~⊥~=2.055, *g* ~\|\|~=2.258, *A* ^Cu^ ~⊥~=−70.1 MHz, *A* ~\|\|~=−510.7 MHz, *A* ^N^ ~⊥~=29.4 MHz, *A* ^N^ ~\|\|~=25.2 MHz; the isotropic *g* ~iso~=2.123, and *A* ^Cu^ ~iso~=−216.8 MHz, *A* ^N^ ~iso~=27.8 MHz were calculated by means of experimental *g* ~⊥~, *g* ~\|\|~, *A* ~⊥~, and *A* ~\|\|~ using the equations given elsewhere.[47](#open201900159-bib-0047){ref-type="ref"} \[c\] Experimental *g*‐factor and HFCC *A* values (given as absolute values) from the EPR spectrum measured at 133 K in frozen solution:[46](#open201900159-bib-0046){ref-type="ref"} *g* ~⊥~=2.060, *g* ~\|\|~ = 2.238, *g* ~iso~=2.120, \|*A* ^Cu^ ~iso~\|=218.8 MHz, \|*A* ~\|\|~\|=590.6 MHz.
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Goodman et al. identified a mixture of *cis*‐ and *trans*‐Cu([l]{.smallcaps}‐Asn)~2~ with CuN~2~O~2~ equatorial coordination to simultaneously exist in aqueous solutions at room temperature by the EPR spectroscopy, and determined their *A* ^Cu^ ~iso~ and *A* ^N^ ~iso~ values (Table [6](#open201900159-tbl-0006){ref-type="table"}).[44](#open201900159-bib-0044){ref-type="ref"}, [45](#open201900159-bib-0045){ref-type="ref"} From the superhyperfine ^14^N splitting in the EPR spectra, they determined two *A* ^N^ ~iso~ values for the two isomers, but their assignment to either *trans*‐ or *cis*‐Cu([l]{.smallcaps}‐Asn)~2~ was only tentative.[45](#open201900159-bib-0045){ref-type="ref"} Our calculations for aqueous isomers of Cu(Gly)~2~ (Table S96), and several conformers of Cu([l]{.smallcaps}‐Asn)~2~ and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) (Table [6](#open201900159-tbl-0006){ref-type="table"}) with the Cu^II^ coordination number (CN) 4, 5, or 6 suggest that the *A* ^N^ ~iso~ value is always larger for the *cis* than *trans* conformers with the same CN. This is in accord with the results reported by Pezzato et al. that the DFT/B3LYP calculated *A* ^N^ ~iso~ value is smaller for *trans*‐ than *cis*‐Cu(Gly)~2~⋅2H~2~O in implicitly modeled aqueous solution.[69](#open201900159-bib-0069){ref-type="ref"}

The experimental *g* ~iso~ values are underestimated for both Cu([l]{.smallcaps}‐Asn)~2~ and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn), by 0.034 and 0.028 on average by our B3LYP calculations (Table [6](#open201900159-tbl-0006){ref-type="table"}), respectively. A similar underestimation of *g* values was also obtained for some other copper(II) complexes by Sciortino et al.[70](#open201900159-bib-0070){ref-type="ref"}

In accord with the known fact that the presence of ligands in the axial positions causes an increase of *g* ~z~ and a decrease of A~z~,[70](#open201900159-bib-0070){ref-type="ref"} our DFT/B3LYP results gave a ca. 40 MHz lower \|*A* ^Cu^ ~iso~\|, a bit larger *g* ~iso~ value, and slightly lower *A* ^N^ ~iso~ values for the conformers with intramolecular axial Cu‐donor bond (CN=5) than for the conformers with CN=4, independently on the *cis*‐ or *trans*‐configuration for all of the studied complexes (Tables [6](#open201900159-tbl-0006){ref-type="table"} and S96).

To examine the influence of water molecules on the magnetic properties, the EPR parameters were also calculated for equilibrium structures of selected conformers with one and two explicit water molecules using PCM (Table [6](#open201900159-tbl-0006){ref-type="table"}). Although the conformer geometries without and with explicit water molecules differ owing to the hydrogen bonds with the explicit water molecules (Figure S8), their torsion angles are within the characteristic values for a specific conformer.

The apical coordination does not substantially influence the distribution of unpaired spin density since it resides in the metal atom and four in‐plane ligand atoms (Figure S12). A water molecule in the apical position affects equally as an intramolecular apical donor atom the lowering of \|*A* ^Cu^ ~iso~\| (Tables [6](#open201900159-tbl-0006){ref-type="table"} and S96). For the systems with two water molecules, the addition of the second H~2~O to the calculations produced an extra lowering of \|*A* ^Cu^ ~iso~\| by≈20 MHz, independently whether this H~2~O was in the apical position or in the second Cu^II^ coordination sphere (Table [6](#open201900159-tbl-0006){ref-type="table"}). Nevertheless, an exceptional case is the tGNw3_b⋅2H~2~O equilibrium structure (Figure [11](#open201900159-fig-0011){ref-type="fig"}). For that system, with an H~2~O in the apical position, and a second H~2~O forming two hydrogen bonds in the equatorial plane, \|*A* ^Cu^ ~iso~\| is lowered by 35 MHz relatively to the systems with one explicit H~2~O (Figure [11](#open201900159-fig-0011){ref-type="fig"}).

![The predicted *g* ~iso~ (red) and *A* ^Cu^ ~iso~ (blue) values for the aqueous tGNw3 systems without and with explicit water molecules. CN stands for the copper(II) coordination number. tGNw3_b (CN=4) is the conformer taken from the tGNw3_b⋅2H~2~O equilibrium structure; its magnetic parameters were calculated by means of the single point calculation without two explicit water molecules.](OPEN-8-852-g011){#open201900159-fig-0011}

Generally, the structures obtained in implicitly modeled aqueous solution represent an average of all possible geometries that a specific conformer can attain under the influence of noncovalent interactions with surrounding water molecules. Adding explicit water molecules in the PCM calculations gave insight into how changes in a local aqueous environment could affect the changes in the conformer geometry. Generally, the Cu^II^ coordination geometry in the examined conformers is more distorted from planarity when explicit water molecules are considered. In the tGNw3 systems (Figure [11](#open201900159-fig-0011){ref-type="fig"}), O−Cu−O' is 178.9° in tGNw3, 174.1° in tGNw2_a1, 178.9° in tGNw2_a2, and 161.7° in tGNw3_b. To separate the effect of an apical H~2~O coordination from that of a distorted geometry, the *g* and *A* values were calculated for the conformers from the equilibrium systems with explicit water molecules, but without accounting the explicit H~2~O. The resulting values (Table [6](#open201900159-tbl-0006){ref-type="table"}) show that indeed *A* ^Cu^ ~iso~ is very much sensitive to the changes in the Cu^II^ coordination geometry. The changes are more pronounced for Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) than Cu([l]{.smallcaps}‐Asn)~2~ (Table [6](#open201900159-tbl-0006){ref-type="table"}). Slightly different geometries of the same conformer produce more or less different *A* ^Cu^ ~iso~ values, dependently on the extent of the Cu^II^ coordination geometry distortion from planarity. For instance, the experimental \|*A* ^Cu^ ~iso~\| value (218.8 MHz)[46](#open201900159-bib-0046){ref-type="ref"} is closer to the predicted value of more distorted tGNw3_b than less distorted tGNw3 (Figure [11](#open201900159-fig-0011){ref-type="fig"}, Table [6](#open201900159-tbl-0006){ref-type="table"}).

For Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn), the HFCC anisotropic and isotropic components were determined for ^63^Cu from the EPR spectrum measured in a water‐glycerol solution at pH 7.5−8.0 and 133 K (Table [6](#open201900159-tbl-0006){ref-type="table"}).[46](#open201900159-bib-0046){ref-type="ref"} Cocetta et al. assumed it likely that [l]{.smallcaps}‐His adopted the H‐mode with the CuN~3~O chromophore in the ternary complex.[46](#open201900159-bib-0046){ref-type="ref"} Nevertheless, the experimental HFCC values show the best fit with the calculated *A* ^Cu^ ~z~ and *A* ^Cu^ ~iso~ of the cHNw4, tGNw3, and cGNw5 conformers with apically positioned oxygen atom(s) (Table [6](#open201900159-tbl-0006){ref-type="table"}). This additionally proves that *trans*‐ and *cis*‐Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) with both amino acids in the glycinato mode are present in aqueous solution at physiological pH.

For Cu([l]{.smallcaps}‐Asn)~2~, the *A* ^Cu^ values of the NONO conformers are quite similar, while those of the NONo conformers are different from the experimental values (Table [6](#open201900159-tbl-0006){ref-type="table"}). This furthermore verifies that only NONO conformers dominate in aqueous solution at physiological pH. A smaller *A* ^N^ ~iso~ is calculated for the *trans* than *cis* NONO conformers (Table [6](#open201900159-tbl-0006){ref-type="table"}), while the B3LYP *A* ^Cu^ ~iso~ values are very similar for the *trans* and *cis* conformers with the same CN. Our EPR interpretation points to the conclusion that in aqueous solution, a water molecule can place itself at the apical Cu^II^ position if it is free. Since Goodman et al. adjoined a smaller *A* ^Cu^ ~iso~ with a smaller *A* ^N^ ~iso~ constant for either *trans*‐ or *cis*‐isomer of Cu([l]{.smallcaps}‐Asn)~2~,[45](#open201900159-bib-0045){ref-type="ref"} it may be that tNONO and cNONO conformers have more often a CN equal to 6 and 5, respectively, in aqueous solution at room temperature.

3. Conclusions {#open201900159-sec-0008}
==============

Comparisons between the experimental X‐ray molecular structures of Cu([l]{.smallcaps}‐Asn)~2~ and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) with their corresponding DFT‐calculated gas‐phase and aqueous equilibrium structures show that B3LYP using PCM can simulate the noncovalent interactions in the studied complexes well.

The DFT exact structures, coordination modes, bi‐ or tridentate binding, and magnetic parameters determined for the title complexes in aqueous solution enabled the confirmation and, for apical bonding, also the refinement of structural predictions from literature.

For both Cu([l]{.smallcaps}‐Asn)~2~ and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn), the *trans* glycinato‐mode conformers are the most stable ones in the gas phase. The conformational analysis of Cu([l]{.smallcaps}‐Asn)~2~ in aqueous solution confirmed the glycine‐like mode to be prevailing, both in the *trans* and *cis* configuration, in accord with the interpretations of experimental results (detailed in the Introduction). In aqueous solution, the ternary Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) complex has many lower‐energy conformers in different coordination modes with Δ*G* ~water~≤10.0 kJ mol^−1^, but the *trans* and *cis* GN and HN are the prevailing ones.

The analysis of the apical copper‐donor distances in the title complexes showed that the tridentate--bidentate amino‐acid binding dominates in the lower‐energy aqueous conformers. [l]{.smallcaps}‐His is more often found than [l]{.smallcaps}‐Asn tridentate in such Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) geometries, which is in accordance with the experimental studies[40](#open201900159-bib-0040){ref-type="ref"}, [41](#open201900159-bib-0041){ref-type="ref"} that suggested [l]{.smallcaps}‐His to be tridentate, and [l]{.smallcaps}‐Asn to have a transient tridentate binding. However, compared to the structural proposals in literature, which predicted [l]{.smallcaps}‐His to be only in the H mode with the O atom apically positioned, the DFT/B3LYP prediction is that the lower‐energy conformers with [l]{.smallcaps}‐His in the G and I modes with apical N~im~ and N~am~, respectively, are also possible in aqueous solution. This does not contradict the tridentate [l]{.smallcaps}‐His experimental finding. The match between the experimental[46](#open201900159-bib-0046){ref-type="ref"} and DFT predicted *A* ^Cu^ ~z~ and *A* ^Cu^ ~iso~ reveals that the tGN, cGN, and cHN conformers with an apical oxygen atom (either intramolecular or from a water molecule) could be in a frozen aqueous solution during the EPR measurement.

The analysis of the hydrogen bonds formed in the title complexes revealed a high tendency for forming an intra‐residual N~am~−H⋅⋅⋅O~ad~ in the [l]{.smallcaps}‐Asn ligand. This tendency stereochemically restricts the −N~ad~H~2~ group in the hydrogen bond formation.

Compared to Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Thr),[19](#open201900159-bib-0019){ref-type="ref"} the intermolecular interactions between Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) and aqueous environment do not have a pronounced effect on forming the intra‐residual hydrogen bonds like they had in the former complex. It seems that in the Cu^II^ ternary complex with [l]{.smallcaps}‐His, the [l]{.smallcaps}‐Thr hydroxyl group is superior to the [l]{.smallcaps}‐Asn amido group to adapt to changes in local aqueous surroundings. Although both ternary complexes have a similar number of gas‐phase conformers, a smaller number of aqueous conformers of Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) than Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Thr) supports the supposition. Since the simulation of the Cu^II^ distribution in the ultrafiltrable fraction of normal blood plasma yielded a much larger percentage of ultrafiltrable Cu^II^ in Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Thr) than in Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn),[51](#open201900159-bib-0051){ref-type="ref"} it may be that there is a connection between the conformational flexibility and adaptability to the local surroundings and the abundance of the copper(II)‐[l]{.smallcaps}‐His ternary complexes in physiological conditions.

Computational Methods {#open201900159-sec-0009}
=====================

Constructing Initial Structures for Geometry Optimization {#open201900159-sec-0010}
---------------------------------------------------------

***Cu([l]{.smallcaps}‐Asn)*** ~***2***~. After defining 15 *trans* and 15 *cis* in‐plane coordination modes (see 2.1), the initial structures for each of them were generated as follows:

*NO mode*. [l]{.smallcaps}‐Asn bound to the copper(II) forms a five‐member ring with C^α^ slightly above or below the plane of the other four atoms; as a result, C^β^ is either in an axial or an equatorial position to the ring. Three orientations per full rotation of the bond C^α^−C^β^ were assumed with C~ad~−C^β^−C^α^−N~am~ torsion values of 60°, −60° and 180°. For the amide group, seven orientations were used to construct initial geometries, with O~ad~=C~ad~−C^β^−C^α^ torsions of −120°, −75°, −30°, 15°, 60°, 105° and 150° (these values were determined in a preliminary series of geometry optimizations). In the NONO mode of Cu([l]{.smallcaps}‐Asn)~2~, combining 21 axial and 21 equatorial conformations of [l]{.smallcaps}‐Asn in the complex leads to 903 *trans* and 903 *cis* unique initial structures.

*Oo mode*. By binding [l]{.smallcaps}‐Asn to the copper(II) via O and O~ad~, a seven‐member ring is formed. A preliminary series of calculations indicated twelve combinations of torsion angles quadruplets of Cu−O−C~c~−C^α^, O−C~c~−C^α^−C^β^, C~c~−C^α^−C^β^−C~ad~, and C^α^−C^β^−C~ad~−O~ad~, which were used to generate initial structures: {100°, −60°, 0°, 60°}, {10°, −60°, 0°, 60°}, {60°, −60°, −20°, 80°}, {0°, −60°, 120°, −60°}, {0°, −90°, 90°, 0°}, {90°, −90 °, 0 °, 60°}, {−100°, 60°, 0°, −60°}, {−10°, 60°, 0°, −60°}, {−60°, 60°, 20°, −80°}, {0°, 60°, −120°, 60°}, {0°, 90°, −90°, 0°}, and {−90°, 90°, 0°, −60°}. For OoOo, this resulted in a total of 78 unique *cis* and 78 unique *trans* combinations.

*On mode*. This mode construction was identical to the Oo mode, except that the last torsion angle is C^α^−C^β^−C~ad~−N~ad~ instead of C^α^−C^β^−C~ad~−O~ad~.

*Nn mode*. The binding of [l]{.smallcaps}‐Asn to the copper(II) forms a six‐member ring. A preliminary series of calculations indicated eight combinations of the Cu−N~am~−C^α^−C^β^, N~am~−C^α^−C^β^−C~ad~ and C^α^−C^β^−C~ad~−N~ad~ angles that were used to generate initial structures: {60°, −60°, 60°}, {−60°, 60°, −60°}, {0°, −60°, 0°}, {0°, 60°, 0°}, {30°, −70°, 10°}, {−30°, 70°, −10°}, {60°, −60°, 10°}, and {−60°, 60°, −10°}. For the NnNn coordination mode, this resulted in a total of 36 unique *cis* and 36 unique *trans* combinations.

*No mode*. As above, this mode construction is identical to the Nn one except that the last torsion is C^α^−C^β^−C~ad~−O~ad~ instead of C^α^−C^β^−C~ad~−N~ad~.

*Mixed binding modes*. We applied the structural principles outlined above for each mode, with *cis* and *trans* connectivity. By doing so, we created the initial structures in the mixed coordination modes, as follows: 432 NOOo, 288 NONo, 44 NONn, 432 NOOn, 192 NnOn, 192 NnOo, 156 OnOo, 144 NnNo, 192 NoOo, and 192 NoOn.

***Initial structures of Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn)***. To construct the initial structures of Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn), the [l]{.smallcaps}‐His initial conformations were combined with the [l]{.smallcaps}‐Asn NO‐mode initial structures. The construction of [l]{.smallcaps}‐His conformations in the five‐member G and Gp, six‐member H, and seven‐member I chelate‐ring geometries was based on the conformational analyses of Cu([l]{.smallcaps}‐His)~2~ and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Thr) described elsewhere.[17](#open201900159-bib-0017){ref-type="ref"}, [19](#open201900159-bib-0019){ref-type="ref"}

DFT Calculations {#open201900159-sec-0011}
----------------

**Conformational analyses**. Both Cu([l]{.smallcaps}‐Asn)~2~ and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) are electrically neutral molecules with a spin multiplicity of 2. The equilibrium structures of Cu([l]{.smallcaps}‐Asn)~2~ and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) were optimized using the unrestricted DFT method with the B3LYP hybrid density functional[20](#open201900159-bib-0020){ref-type="ref"}, [21](#open201900159-bib-0021){ref-type="ref"}, [22](#open201900159-bib-0022){ref-type="ref"}, [23](#open201900159-bib-0023){ref-type="ref"} using the LanL2DZ double‐ζ basis set,[71](#open201900159-bib-0071){ref-type="ref"} which was additionally augmented by a set of polarization[72](#open201900159-bib-0072){ref-type="ref"} and diffuse functions[73](#open201900159-bib-0073){ref-type="ref"} on N, O, and C atoms. The nonrelativistic effective‐core potentials of Hay and Wadt[74](#open201900159-bib-0074){ref-type="ref"}, [75](#open201900159-bib-0075){ref-type="ref"}, [76](#open201900159-bib-0076){ref-type="ref"} were used to describe the shielding effects of electrons in the copper inner shells. The suitability of the method/basis set for the conformational analyses of Cu(aa)~2~ complexes was extensively evaluated elsewhere.[17](#open201900159-bib-0017){ref-type="ref"}, [18](#open201900159-bib-0018){ref-type="ref"}, [19](#open201900159-bib-0019){ref-type="ref"}, [54](#open201900159-bib-0054){ref-type="ref"} Besides, the application of this combination of functional and basis set, which was previously applied for the conformational analyses of physiological Cu([l]{.smallcaps}‐His)~2~,[17](#open201900159-bib-0017){ref-type="ref"} Cu([l]{.smallcaps}‐Thr)~2~,[18](#open201900159-bib-0018){ref-type="ref"} and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Thr),[19](#open201900159-bib-0019){ref-type="ref"} allows a comparison of the new results estimated for the title complexes with the previously studied systems at a consistent level.

The equilibrium geometries were computed for the conformers of Cu([l]{.smallcaps}‐Asn)~2~ and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) both in the gas phase and in a simulated aqueous environment. Additionally, several conformers of Cu([l]{.smallcaps}‐Asn)~2~ and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn), and *cis*‐ and *trans*‐Cu(Gly)~2~, were geometry optimized with one and two explicit water molecules initially placed at the apical position(s) to the copper(II), together with implicitly modeled aqueous solution using PCM. All conformers were verified by frequency calculations to have no imaginary frequencies. Implicit solvent effects (the dielectric constant for water *ϵ*=78.39) were modeled with the integral equation formalism of polarizable continuum model (PCM)[52](#open201900159-bib-0052){ref-type="ref"}, [53](#open201900159-bib-0053){ref-type="ref"}, [77](#open201900159-bib-0077){ref-type="ref"} as it is implemented in Gaussian 09 suite of programs[78](#open201900159-bib-0078){ref-type="ref"} (SCRF=PCM) and detailed elsewhere.[77](#open201900159-bib-0077){ref-type="ref"} The solute cavity was created via a set of overlapping spheres using the UFF atomic radii,[79](#open201900159-bib-0079){ref-type="ref"} scaled by a factor of 1.1, and the density of surface elements was set to 5/Å^2^. The correctness of applying PCM for conformational analysis in aqueous solution was confirmed by comparing the results acquired by the PCM calculations of sole Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Thr) and for a few Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Thr) conformers surrounded by 20 explicit water molecules.[19](#open201900159-bib-0019){ref-type="ref"} The thermal correction to the Gibbs free energy was calculated at a temperature of 298.15 K in the standard way. All calculations were carried out with the Gaussian 09 suite of programs.[78](#open201900159-bib-0078){ref-type="ref"}

**Magnetic parameters for EPR spectra**. The **g** tensor and **A** tensor for selected conformers of Cu([l]{.smallcaps}‐Asn)~2~ and Cu([l]{.smallcaps}‐His)([l]{.smallcaps}‐Asn) without and with one or two explicit water molecules were calculated with the program ORCA[80](#open201900159-bib-0080){ref-type="ref"}, [81](#open201900159-bib-0081){ref-type="ref"} using B3LYP, a Wachters' basis set (62111111/3311111/3111) for Cu,[82](#open201900159-bib-0082){ref-type="ref"} and the 6--311+G(d,p) basis set for the other atoms (H, C, N, O). This functional/basis set combination accurately predicted the ^13^C and ^1^H Fermi contact shifts for solid‐state Cu(aa)~2~ complexes.[61](#open201900159-bib-0061){ref-type="ref"} The conductor‐like polarizable continuum model (CPCM) was applied to account for solvent effects in aqueous solution. For the **g** tensor, the origin was set to the copper atom. The **A** tensor was obtained as a sum of three contributions as follows: the isotropic Fermi contact, the anisotropic dipolar and the spin‐orbit coupling terms. The isotropic *A* ~iso~ and *g* ~iso~ values were calculated as an average of the anisotropic components *A* ~x~, *A* ~y~, *A* ~z~, and *g* ~x~, *g* ~y~, *g* ~z~, respectively.

As a benchmark, we tested the \[Cu(H~2~O)~6~\]^2+^ and *trans*‐ and *cis*‐Cu(Gly)~2~ systems, and compared their magnetic properties (*g* ~iso~, and HFCC of copper and nitrogen, *A* ^Cu^ ~iso~ and *A* ^N^ ~iso~, respectively) with available experimental data. The \[Cu(H~2~O)~6~\]^2+^ structure was taken without further optimization from the literature.[83](#open201900159-bib-0083){ref-type="ref"} Since B3LYP and PBE0[84](#open201900159-bib-0084){ref-type="ref"}, [85](#open201900159-bib-0085){ref-type="ref"} were reported to give good magnetic properties for several copper(II) complexes with the lowest mean absolute percent deviation of less than 3.5 % for *g* ~z~ (PBE0), and 9.5 % for *A* ~z~ (B3LYP),[70](#open201900159-bib-0070){ref-type="ref"} we tested these two DFT functionals with different basis sets for copper \[including def2‐TZVP, Wachters' basis for Cu with and without f‐functions, and Pople\'s 6‐311G(d,p) basis set\]. For the \[Cu(H~2~O)~6~\]^2+^ complex, PBE0 performed better, but for Cu(Gly)~2~, the B3LYP functional with the Wachters′ Cu basis set showed better agreement with experimental EPR parameters.[47](#open201900159-bib-0047){ref-type="ref"}, [69](#open201900159-bib-0069){ref-type="ref"}, [86](#open201900159-bib-0086){ref-type="ref"} Therefore, in this study, the method combination B3LYP/Wachters(Cu)/6‐311+G(d,p)(C,N,O)/6‐31G(d)(H) was chosen to calculate the magnetic parameters and evaluate the structure‐magnetic property relation of the title Cu(aa)~2~ complexes.

Calculating Statistical Weight of a Conformer and Weighted Average of Δ*G* ~water~ {#open201900159-sec-0012}
----------------------------------------------------------------------------------

The statistical weight of the *j*th conformer, *w~j~*, is given as a weighted average from the Boltzmann distribution of all conformers as follows:$$\Delta G{}_{{water},j} = G{}_{{water},j} - G{}_{{water},\min}$$ $$w{}_{j} = \exp\left( - \Delta G{}_{{water},j}/RT \right)/\sum{}{}_{i}\mspace{720mu}\exp\left( - \Delta G{}_{{water},i}/RT \right\rbrack)$$

where *G* ~water,*j*~ is the Gibbs free energy of the *j*th conformer in aqueous solution, *G* ~water,min~ is the lowest Gibbs free energy, *R* is the gas constant, *T* is a temperature (298.15 K), and the summation *i* goes over the conformers found in aqueous solution.

The weighted average of the relative Gibbs free energy in aqueous solution, \<Δ*G* ~water~\>, is calculated from the Boltzmann distribution of accounted conformers:$${< \Delta G{}_{water} > = \sum{}_{i}\mspace{720mu}\Delta G{}_{{water},i}\mspace{720mu}\exp\left( - \Delta G{}_{{water},i}/RT \right)/}{\sum{}_{i}\mspace{720mu}\exp\left( \Delta G{}_{{water},i}/RT \right)}$$

Conflict of interest {#open201900159-sec-0014}
====================

The authors declare no conflict of interest.

Supporting information
======================

As a service to our authors and readers, this journal provides supporting information supplied by the authors. Such materials are peer reviewed and may be re‐organized for online delivery, but are not copy‐edited or typeset. Technical support issues arising from supporting information (other than missing files) should be addressed to the authors.

###### 

Supplementary

###### 

Click here for additional data file.

This work was supported by the Croatian Science Foundation under the project IP‐2014‐09‐3500. M.M. is grateful for the post‐doctoral stipend of the Republic of Austria administered by the ÖAD. DFT calculations were performed at the Graz University of Technology computer center, and using the resources of the computer cluster Isabella based in SRCE -- University of Zagreb University Computing Centre.
